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EXECUTIVE SUMMARY
The Lake Mead Fertilization Project is a research program
designed to investigate the potential for using large-scale
artificial fertilization to enhance the game fisheries of this
reservoir through an increase in the population of threadfin shad,
the system's primary forage species. A substantial decline in the
population of largemouth bass, together with poor condition of
adult striped bass, are the two major issues affecting the Lake
Mead game fisheries. Both issues have been hypothesized to be a
result of an inadequate amount of forage in the reservoir.
Previous studies have in turn suggested that a major factor
limiting the shad population may be low productivity levels at the
base of the food chain.
Approximately 20,000 gallons of liquid ammonium polyphosphate
were applied to about 20,000 acres of the Overton Arm in each of
the years 1987 through 1989. The fertilizer was applied in late
May or early June. Approximately 300 volunteer boats were used to
distribute fertilizer in the early stages of the program; these
were subsequently replaced with barge applications. A series of
stations in both treatment and control areas was intensively
sampled to document the impact of fertilization at various levels
of the Lake Mead food chain.
Fertilizer additions were designed to temporarily increase
epilimnetic total phosphorus concentrations by approximately 20
A/g/1 and chlorophyll concentrations by 5-10 ^ g/1. These increases
were achieved, although there were substantial horizontal movements
of the fertilized water mass, particularly in 1988. Chlorophyll
concentrations peaked about 5 days following fertilization and
returned to base-line levels within two weeks. Although maximum
chlorophyll levels recorded were about 12 /jg/1, thirty-day mean
concentrations were below 5^/g/l at all stations.
Fertilization produced few adverse water quality impacts and
all these were short-lived. Water clarity exhibited temporary
decreases at some stations in some years. Taste and odor and
disinfection by-product formation potentials exhibited weak
correlations with chlorophyll concentrations, but the increases
were also short-lived. The fertilizer-induced algal production
slightly increased the rate at which epilimnetic concentrations of
inorganic nitrogen are typically depleted during the growing season
in Lake Mead.
The phytoplankton community displayed a complex response to
fertilization, with some species clearly increasing their abundance
and others showing little or no effect. The proportional abundance
of blue-greens decreased following the fertilizer additions.
Temporal patterns of algal primary production closely followed
those of algal biomass. Size-fractionated production measurements
demonstrated that most of the production was occurring in the 20-50
pm size class, and that this pattern remained essentially unchanged
as total production levels increased following fertilization.
In the zooplankton community, the clearest response to the
enhanced algal production occurred in the cladoceran Daphnia pulex.
where both physiological condition and numerical abundance
increased. Time series analyses indicated that other components of
the community, especially nauplii and some copepodites, also
displayed abundance increases that were associated, at varying lag
periods, with the algal peaks. The small cladoceran, Bosmina, and
rotifers (all species grouped together) exhibited either weak
associations or no association with chlorophyll concentrations.
Comparison of estimates of production by phytoplankton and Daphnia
suggested that approximately 5% of the fertilizer-induced algal
peak was incorporated into this cladoceran.
Densities of larval and juvenile threadfin shad were generally
higher in the upper (fertilized) part of the Overton Arm than in
the lower (control) region. However, average densities in the
control year, 1990, were broadly similar to those in the preceding
two years during which fertilizer was applied. This suggests that
the fertilizations did not have any impact on shad year class
strength that was measurable within the time frame of this project.
Mean shad densities were, nevertheless, significantly correlated
with chlorophyll concentrations in both 1989 and 1990; there was
some evidence that a weak correlation also existed in 1988. With
the pooled three-year data set, there was a signifcant positive
correlation between the two parameters. Shad biomass was always
less well correlated with chlorophyll concentration than was shad
density. It is unclear whether the observed resource - abundance
correlations reflect causality or are spurious. Gill net sampling
of the larger shad size classes indicated that these were more
abundant in those areas that also tended to have higher larval-
juvenile populations. This suggests that the size of the spawning
population might be a primary determinant of shad year-class
strength.
Too few largemouth bass were collected during the study to
permit evaluation of the impact of fertilization on this species.
Condition factors were used as the primary tool for assessing the
impact on the striped bass population. While the condition of this
species improved substantially in 1987, this was part of a general
lake-wide trend/ apparently unrelated to fertilization. Condition
factors started to decrease again in 1988 and, by 1989 and 1990,
they were similar to those exhibited by the population in previous
condition "troughs". Diet analyses of striped bass documented a
corresponding decrease in both the volume of food contained in the
stomachs and the proportion of shad in the diet. This decrease was
especially marked in the adult size classes. The decrease in
striped bass condition corresponded with an increase in the
proportion of sub-adults in the population. These younger
individuals appear to exert particularly strong predation pressure
on the shad, effectively outcompeting the older fish for this
resource.
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While interesting questions remain concerning the relative
importance of resource levels and other factors, for example
predation, in determining shad population abundance/ fertilization
of the Overton Arm, as undertaken during the present study, clearly
did not lead to any "obvious" increase in shad abundance. While a
longer-term research program might be able to separate resource-
related variance in shad densities from other factors contributing
to inter-annual population fluctuations, large-scale artificial
fertilization on the scale employed in the present project does not
appear to represent a useful management tool for the Lake Mead game
fisheries.
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1.1 LAKE MEAD AND ITS FISHERIES
Lake Mead was formed in 1935 by construction of Hoover Dam.
With a surface area of 660 km2, it is the second largest reservoir
in the U.S. in terms of area; by volume, it is the largest. The
shoreline is irregular, with several large bays and numerous coves.
Approximately 90% of the inflow to Lake Mead is derived from the
Colorado River (Figure 1.1). The Virgin and Muddy Rivers discharge
into the Overton Arm; the Las Vegas Wash, which carries treated
effluent from the city of Las Vegas and Clark County, discharges
into the Lower Basin. Table 1.1 summarizes the morphometric
characteristics of Lake Mead.
Most of Lake Mead is oligotrophic, although nutrient loading
via the Las Vegas Wash results in eutrophic to hypereutrophic
conditions in Las Vegas Bay. Emergent and submergent macrophytes
are present in some of the coves. Although aquatic plants appear
to be more abundant than was originally thought (Haley et al.
1987), they are susceptible to wash-out during flash floods and to
desiccation during period of low lake levels.
Shortly after impoundment in 1935, largemouth bass
(Micropterus salmoides) were first stocked in Lake Mead and the
population produced a nationally famous fishery during much of the
following 15 years (Hoffman and Jonez 1973). Following a slump in
the bass fishery in 1950, studies conducted by the Nevada
Department of Fish and Game indicated that lack of cover and forage
were the principal problems with the fishery. Consequently, in
1954-55 threadfin shad (Dorosoma petenense) were introduced,
subsequently leading to a significant increase in growth rates of
subadult largemouth bass (Minckley 1972). Fishery success also
improved following the shad introduction and the annual bags
harvest reached an all-time high of about 800,000 fish in 1963
(Hoffman and Jones 1973, Morgenson and Padilla 1982). Annual
harvests around this time were about 500,000 fish (Figure 1.2). In
the mid-1960's, the bass fishery began another decline which, with
some fluctuation, has continued through the present time.
The decline in the largemouth fishery was attributed primarily
to a decrease in bass spawning success as a result of spring
drawdowns of Lake Mead (Romero and Allan 1975, Hoffman and Jonez
1973). Before the impoundment in 1963 of Lake Powell, 456 km
upstream/ the hydrologic regime of Lake Mead involved a period of
rising water levels in the spring (Hoffman and Jonez 1973).
Striped bass (Morone saxatilis) and salmonids, mainly rainbow
trout (Salmo qairdnerii), were introduced to the lake during 1969
to augment the failing bass fishery. At that time, threadfin shad
were abundant in Lake Mead, particularly in the Lower Basin (Deacon
1-1
LAKE MEAD
Arizona - Nevada
Muddy Hwer
Boulder
Hoover Dim
Btvcr
Figure 1.1: Map of Lake Mead,
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Table 1.1: Morphometric characteristics of Lake Mead (at full
capacity) and the epilimnion of the Overton Arm
assuming a water surface at 366 m elevation (1200
feet MSL) and a thermocline depth of 13 m. The
fertilizer quantities refer to liquid ammonium
phosphate (formulation 10-34-0) and assumes an
enrichment of approximately 20 A/gP/1.
AREA VOLUME FERTILIZER
LAKE MEAD: 66096 ha 36.9 x 109 m3
163,320 acres 29.9 x 106 a-f
OVERTON ARM:
(Fertilization
Region) 7669 ha
18,950 acres
0.854 x 109 m3
0.692 x 106 a-f
75.7 m3
20,000 gal
106 tonnes
117 tons
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Figure 1.2: (A) Number of largemouth bass (LMB) and striped
bass (SB) harvested, and number of angler days;
Lake Mead.
(B) Catch per unit effort (number of fish/angler
day) and mean weight of striped bass; Lake Mead.
(Source: NDOW creel censuses; data -not weighted
for time or area of capture.)
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et al. 1972, Allan and Roden 1978) where phytoplankton productivity
was higher due to discharges of secondary-treated wastewater. The
shad occurred primarily in the epilimnion and metalimnion to depths
of 15-20 m (Paulson and Espinoza 1975), but dispersed into deeper
waters at the onset of fall mixing (Deacon and Tew 1973).
Striped bass reproduction in the lake first occurred in 1973
and the population expanded rapidly during the mid-to-late 1970's.
The trout fishery collapsed after 1976 and did not recover despite
continued high stocking during the 1970's (Morgenson and Padilla
1982). The shad population also declined drastically between 1975
and 1980 (Baker and Paulson 1983) and densities today are low in
most open-water areas of the lake during summer. While predation
by striped bass presumably contributed to the decline of the trout
population, it seems likely that reduced forage (shad) was also a
major factor. Shad are currently abundant only in the inflow areas
of the Virgin, Muddy and Colorado Rivers, and in the Las Vegas Bay.
Although subadult striped bass have a sufficiently broad thermal
tolerance to exert considerable predation pressure on shad in these
areas, it appears that productivity is sufficient to sustain this
cropping. Other factors, such as higher water turbidity in some of
the inflowing areas may also contribute to the higher shad
populations in these regions by acting to reduce predation
pressure.
The striped bass population, itself, began experiencing
problems during the late 1970's and early 1980's. Condition
factors of adult stripers decreased considerably after 1977 and, by
1980, severely emaciated individuals were common in the population
(Baker and Paulson 1983). Summer dieoffs of adult striped bass
were frequently observed in the reservoir by 1978 and large
stripers became rare in the angler's catch (NDOW 1985, Figure 1.2).
Similar dieoffs have been observed in other reservoirs and are
thought to be a consequence of low oxygen concentrations in the
thermal refuges of adult striped bass (Coutant 1984). In most
parts of Lake Mead, however, hypolimnetic oxygen concentrations
rarely drop below 4 mg/1. Dieoffs in this reservoir therefore were
presumably a consequence of inadequate forage, with this resulting
in poor1 nutritional condition and the need for adult striped bass
to spend more time feeding at depths that were outside their
preferred thermal range.
1.2 FISHERIES AND AQUATIC PRODUCTIVITY IN LAKE MEAD
One of the factors hypothesized to have played a major role in
the decline of the Lake Mead shad population is planktonic
productivity. Various studies in other freshwater systems have
demonstrated a direct relationship between fish standing crop
and/or yield, and phytoplankton biomass and/or nutrient loading
rates (Jones and Hoyer 1982, Ney et al. 1990, Yurk and Ney 1989,
Ogelsby 1977, Hecky et al. 1981). Loading rates of nitrogen and
phosphorus-rich suspended sediment to Lake Mead have declined
substantially since the impoundment of Lake Powell in 1963. This
latter resprvnlr retains im t-n Q0% of th<a nhncnhn-niQ
the Colorado River (Gloss et al. 1981, Evans and Paulson 1983).
The upstream reduction in phosphorus loading to Lake Mead was
accompanied by a significant decrease (up to 80%) in algal
productivity in the upper basin (Prentki et al. 1981, Prentki and
Paulson 1983) .
Zooplankton densities in Lake Mead are strongly influenced by
levels of chlorophyll-a and algal productivity (Wilde 1984,
Sollberger 1987). Threadfin shad are planktivorous (Gerdes and
McConnell 1963) and juveniles efficiently crop large zooplankton
from the epilimnion during summer months in Lake Mead (Paulson and
Baker 1983, Wilde 1984, Sollberger 1987) and other reservoirs
(Applegate and Mullan 1969). Phytoplankton and detritus are also
important components of their summer diets (Deacon et al. 1972,
Gerdes and McConnell 1963, Baker and Schmitz 1971). Shad are
capable of ingesting relatively small phytoplankton cells by filter
feeding in open waters (Haskell 1959). Shad usually exhibit litle
growth on detritus due to its poor nutritional quality (Pierce et
al. 1981), but if ingested in sufficient quantities, it may allow
for survival during periods when zooplankton availability is low.
The relative importance of planktonic productivity and
predation by striped bass as factors in the decline of the Lake
Mead shad population has been the subject of extensive discussions
but little consensus. Striped bass almost certainly play a
significant role in shad population dynamics. Nevertheless, shad
standing crop is the balance of production and mortality (predator-
induced and natural). The contemporary patterns of shad abundance
suggest, a priori, that higher levels of plankton production in
certain areas of the lake might be resulting in sufficient shad
production to partially offset striped bass predation. The primary
objective of the present research program was to investigate this
hypothesis by using artificial fertilization to enhance aquatic
productivity in the Overton Arm of Lake Mead.
1.3 ARTIFICIAL FERTILIZATION OF AQUATIC ECOSYSTEMS
The concept of using artificial fertilization to enhance
production in aquatic ecosystems is, of course, not new. Numerous
aquaculture programs over many years have developed considerable
information relating factors such as fertilizer application rates
to levels of fish production. Several research programs have also
addressed the impacts of fertilization on natural aquatic systems.
For example, studies in the Canadian Experimental Lakes Area have,
for several years, been investigating the impacts of nutrient
enhancement on various levels of the food chain. Higher growth
rates, recruitment, survival and production of whitefish, have been
demonstrated in one series of these studies (Mills 1985).
Artificial fertilization has also been successfully used on a
much larger scale -- the commercially important sockeye salmon
fisheries in coastal lakes of British Columbia and Alaska. The
Canadian program, for example has been in operation since 1969 and
has involved the use of over 100 tons of fertilizer annually, in a
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variety of lakes ranging to over 5,000 surface acres (LeBrasseur et
al. 1978, Stockner et al. 1980, Stockner 1981). The Alaska program
has also produced favorable results and currently enjoys increasing
support from both local fishermen and funding agencies (Koenings
and Burkett 1987; J. Koenings, Alaska Dept. of Fish and Game,
personal communication to P. Vaux, July, 1989). Large-scale
artifical fertilization is also currently being considered for some
Russian lakes (J. Koenings, personal communication, 1989).
A major difference between these fertilization programs and
the one undertaken in Lake Mead is the frequency of fertilizer
application. While most of the annual fertilizer load to Lake Mead
was introduced as one major application early in the growing season
(see below), the Alaska and Canadian programs have involved a more
continuous application throughout the summer.
1.4 DEVELOPMENT OF THE LAKE MEAD FERTILIZATION PROGRAM
Following the completion of a five year study analyzing the
factors potentially responsible for the decline of the largemouth
bass fishery in Lake Mead, the Nevada Department of Wildlife (NDOW)
and the Arizona Game and Fish Department (AGFD) recommended that
experimental fertilization be conducted in the upper basin of Lake
Mead to begin restoring the forage base (Morgenson and Padilla
1982) .
The U.S. Bureau of Reclamation funded a 1986 study to conduct
laboratory and pilot-scale field experiments designed to evaluate
the potential for successfully stimulating algal growth on a large
scale in Lake Mead using artificial fertilization. The research
plan involved laboratory fertilizer leaching experiments, nutrient
enrichment bioassays of natural assemblages of phytoplankton, two
test fertilizations in Cathedral Cove (a 32 acre cove near the
middle of the Overton Arm), and the evaluation of a variety of
methods for actually applying the fertilizer (Axler et al. 1987a).
The principal recommendations of the Pre-fertilization Study
were: (1) use commercially available liquid ammonium polyphosphate
(10-34-0); (2) conduct the first large-scale test in the Overton
Arm in May; (3) conduct a pilot fertilization of coves in the
Overton Arm in the fall to investigate the feasibility of enhancing
over-winter survival of forage and gamefish populations; (4)
utilize volunteer boats to uniformly disperse liquid fertilizer
throughout the test region (Axler et al. 1987a). The conclusions
and recommendations of this study were directly incorporated into
the design of the Overton Arm Fertilization Project.
Development of the Fertilization Project was coordinated with
local agencies through the Lake Mead Nutrient Enhancement Technical
Committee, which advised on program design and implementation.
Formal research proposals were prepared and submitted for external
review. Environmental assessments for the 1987 (LMNETC 1987) and
1988 + 1989 (NPS 1988) research programs were submitted to the
National Park Service. A "Finding of No Sianl f fr*ni-
(FONSI) was issued following each submission. Nevertheless, prior
to the 1988 phase of the project, downstream water users voiced
considerable concern about the potential water quality impacts of
the fertilizations. As a consequence of this concern, the water
quality monitoring components of the project were further expanded
for the 1988 and 1989 experiments. National Pollutant Discharge
Elimination System (NPDES) permits were obtained for each of the
three years of fertilizer addition and final data reports were
submitted (Axler et al 1987b, Vaux and Paulson 1988, 1989).
1.5 RESEARCH HYPOTHESES
The central hypothesis of the research program was that
enhancing planktonic production early in the growing season, at a
time when threadfin shad are spawning and the juveniles are moving
out into the pelagic areas of the lake, would increase survival of
these fish and thence improve shad year class strength. Several
marine studies have shown that survival of post yolk-sac-larvae of
some fish species depends on their encountering sufficient food
resources within a relatively short period of time and that low
plankton densities can significantly impact year class strength
(Yin and Blaxter 1987). This interval during which the young fish
have to begin searching for food has been termed the "critical
period" (Hjort 1926). Although little work in this field has been
done on freshwater systems, one study carried out on a large U.S.
reservoir, Lake Texoma, has demonstrated a reduction in both
numbers and physical condition of threadfin and gizzard shad larvae
following short-term decreases in plankton biomass (Kashuba and
Matthews 1984, Matthews 1984).
Between-year variation in threadfin shad abundance is
considered to be the major factor responsible for temporal
variation in the condition of striped bass. Therefore, it was also
hypothesized that enhancement of the shad population would result
in improved condition factors of striped bass. Higher shad
densities would also benefit the largemouth bass population by
providing additional forage.
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2.1 OBJECTIVES
The primary research objectives of the Fertilization Project
were :
(a) Develop application procedures for uniformly dispersing
nutrients in the test region;
(b) Boost phytoplankton biomass and productivity to moderate
(mesotrophic) levels for a relatively short period of time;
(c) Intensively monitor water quality in the test and control
regions in order to assess impacts on other beneficial uses of
the lake;
(d) Investigate algal and zooplankton responses to
fertilization, with emphases on both population dynamics and
physiological approaches;
(e) Study the population dynamics, growth and feeding ecology
of larval and juvenile threadfin shad in order to document
impacts from the fertilization;
(f) Monitor temporal and spatial variation in relative
abundance of the older shad age groups;
(g) Analyze condition, size structure and growth rates of the
game fish populations to detect any substantial responses to
variation in the abundance of their primary forage, threadfin
shad.
Although the primary focus of the research program was on
fisheries enhancement, the scientific investigations addressed the
impacts of fertilization on multiple components of the Lake Mead
ecosystem. If artificial fertilization was successful (from a
fisheries perspective), it was important to understand how it was
successful. If it was unsuccessful, it was important to assess why
it did not work.
2.2 EXPERIMENTAL DESIGN
Fertilization of the Overton Arm was carried out relatively
early in the growing season (May/June), but at a time when stable
stratification had already become established. There were three
principal reasons for choosing this period for the fertilizer
applications. First, the primary target species of the research
program, threadfin shad, spawn and subsequently move out into the
pelagic areas of the lake at this time of year. Second, the
thermocline acts to restrict the soluble fertilizer to the upper
mixed layer where most of the algal production occurs. Third,
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during spring and early summer there is still sufficient inorganic
nitrogen present to provide a balanced N:P ratio for algal growth
(7:1 - 15:1) (Healey 1975, Goldman and Home 1983). Fertilization
later in the summer would require an additional supplement of
nitrogen since inorganic-N is depleted to near detection limits
(Paulson et al. 1980; Paulson and Baker 1983). This supplement
would probably have to be at least five times greater in weight
than the phosphorus fertilizer (Axler et al. 1987a).
In addition to the main research project, a pilot
fertilization experiment of selected Overton Arm coves was carried
out in the fall of 1988. The primary objective of this project was
to investigate the possibility of increasing the food resource base
for the shad and young-of-the-year largemouth bass populations
before they entered the overwintering period. Previous research
has suggested that poor survival during winter may be one of the
major factors influencing bass population size (Morgenson, 1983).
Cove fetilization resulted in mearsurable increases in both algal
and zooplankton productivity. Wind events, however, were able to
produce a relatively rapid flushing of some of these coves, thus
reducing the potential for the enhanced production to benefit
higher trophic levels. These pilot experiments are not discussed
in detail in the present report.
Spring/summer fertilization of the Overton Arm involved the
addition of 20,000 gallons of fertilizer to an approximately 20,000
acre test area in each of the years 1987 through 1989 (Figures 2.1
and 2.2). The following year, 1990, was designated as a control
year; no fertilizer was added but limnological and fisheries
monitoring continued in the Overton Arm. Table 2.1 compares
phosphorus loading from the fertilizer with that from natural
sources in Lake Mead.
Table 2.2 summarizes the fertilizer application schedules. In
1987, the entire fertilizer load was added on one day. In
subsequent years, the fertilizations were divided into a primary
application (late May or early June), in which 75% of the total
load was introduced, and a secondary application (mid-June)
involving the remaining 25% of the fertilizer. The principal
objective of reserving some of the fertilizer for a secondary
application was to investigate the feasibility of increasing
zooplankton production at a time (mid-June) when zooplankton
population densities have typically decreased to relatively low
levels, presumably as a result of predation by threadfin shad.
Research during 1987 and 1988 suggested that higher shad
densities typically occur at the northern end of the Overton Arm
and along the west side, above Echo Bay (Figure 2.1). In addition,
young-of-the-year striped bass appeared to be more abundant on the
east side. Therefore, in an attempt to ensure that most of the
fertilizer-induced plankton production was channeled into shad and
not into juvenile striped bass (the larger size classes typically
suffer from poor condition in Lake Mead, not the younger ones), the
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jOVERTON
ARM
FERTILIZED AREA
(Spring/Summer)
Figure 2.1: Map of the Overton Arm showing area fertilized in
1987 and 1988, primary sampling stations, and coves
studied during the pilot fall fertilization project
in 1988
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Figure 2.2: Map of the Overton Arm showing area fertilized in
1989 and primary sampling stations.
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Table 2.1: Comparison of phosphorus loading from fertiJ
addition with other sources in Lake Mead.
Source Total-P % ' Biologically- %
available P"
Colorado River" 881 74.1 139
Virgin River" 183 15.4 22
Muddy River* 2 0.2 1
Las Vegas Wash* 107 9.0 70
Fertilizer (20,000 gals) 15 1.3 "15
56.3
8.9
0.4
28.3
6.1
"Mean loading for 1981 and 1982. Source: Paulson and Baker, 1983
'Ortho-P + NaOH - extractable-P.
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Table 2.2: Schedule of fertilizer additions to the Overton Arm
of Lake Mead, 1987-1989.
1987:
1988:
1989:
May
May
June
Oct
June
June
June
30"
21*
18"
29"
5'
8'
19'
Area
Open
Open
Open
Coves
Open
Open
Open
Fertilized
water
water
water
"500
water
water
water
"10,000 ha
"10,000 ha
"10,000 ha
ha
"10,000 ha
"10,000 ha
"10,000 ha
Gallons
Added
20
15
5
5
8
7
5
,000
,000
,000
,000
,000
,000
,000
Epilimnetic
P-Spike
20 ppb
15 ppb
5 ppb
30 ppb
15 ppb
5 ppb
"Fertilizer applied by volunteers
'Fertilizer applied with barges
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test area used in 1987 and 1988 (Figure 2.1) was modified in 1989
to emphasize the west-side of the Overton Arm and to include the
Muddy Arm (Figure 2.2). This design also permitted investigation
of the feasibility of fertilizing just one sector of the upper
Overton Arm.
Intensive limnological and fisheries monitoring accompanied
the fertilizations. A series of sampling stations covered the
entire length of the Overton Arm and included both open-water and
in-shore sites (Figures 2.1 and 2.2). Table 2.3 summarizes
sampling and analytical protocols. Intensive sampling began a few
weeks prior to fertilizer addition and continued through August.
Routine limnological sampling of the Overton Arm was maintained on
an approximately monthly basis at other times. Sampling
frequencies varied with the parameter being investigated and the
time period involved. During the period of fertilizer-induced
productivity enhancement, water quality and plankton samples were
collected at four day intervals or less. Trawling for larval shad
occurred on a weekly or biweekly basis from early June through
early August. Gill netting was done approximately quarterly. The
discussions of specific research areas in the following sections of
this report clarify individual sampling frequencies.
2.3 FERTILIZER APPLICATION PROTOCOLS
Based on the recommendations of the Pre-Fertilization Study
(Axler et al. 1987), liquid ammonium polyphosphate (10:34:0) was
chosen as the fertilizer. The liquid mixes thoroughly with lake
water and thus eliminates some of the difficulties associated with
incomplete dissolution of granular formulations and insoluble
residues. Fertilizer loading rates (Table 2.1) were calculated
with the objective of temporarily stimulating algal growth to
moderately productive levels (5-10 ;jg/l of chlorophyll-a), without
degrading other beneficial uses of the water.
The research program employed two methods for applying the
fertilizer, which was delivered to the Overton Arm in 4,000 gallon
tanker trucks. The first involved about 300 boats and 1000
volunteers from local, regional and national fishing and boating
clubs who donated their time and boats to introduce the fertilizer.
Each boat spread about 70 gallons of liquid fertilizer by draining
the contents of 5-gallon "cubitainers" according to a pre-
determined operational plan that was designed to result in as
uniform a fertilizer distribution as possible. Although requiring
considerable organizational effort, this form of application was
very effective and attracted considerable support from sportsmen.
From a longer-term management perspective, however, volunteer-based
application would obviously be impractical. Therefore, starting in
1988, barges were used for distributing the fertilizer. In 1989,
the entire fertilizer load was applied in this manner (Table 2.1),
with three barges being able to introduce 15,000 gallons over a
two-day period. Pumps delivered the fertilizer from holding tanks
via 20 ft. booms constructed of 3/4 inch PVC pipe.
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Table 2 . 3 : Sampling and analytical protocols employed during
the fertilization project.
PARAMETER METHOD REFERENCE
Phosphorus
Nitrata-N
Ammonia-N
Taste and Odor
THM formation potential
Chlorophyll
II M II (4
Phytoplankton counts
Primary production
Size-fractionated PPR
Zooplankton samples
Zooplankton lipids
Zooplankton enumeration
Shad Lravl samples
Shad gill net samples
Striped bass samples
Ascorbic acid-molybdate
Hydrazine reduction
Indophenol
Panel detection
Pentane-extraction
Acetone extraction
[n-vivo fluorescence
Lipid-ovary index
1ml subsamples
Horizontal tovs, l-2m depth.
1m diam., 1.6mm mesh net
Experimental sets
NDOV creel
Kellaretal. 1975
Kellaretal. 1975
Kellar et al. 1975
APHA 1985
Kochetal. 198S
Kellaretal. 1975
Sedimentation/enumeration Janik 198-4
14C incubation (2hrs. lab.) (Text)
5 filter serial nitrations (Text)
(MOm (or bottom)
13cm diam.. 80um mesh net
Tessier and Goulden 1982
Keliaretai. 1975
(Text)
(Text)
(Text) indicates additional Information presented in appropriate section of text.
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3 - WATER
3.1 NUTRIENTS
Synoptic surveys, of 0-5m total phosphorus concentrations
carried out shortly after the primary applications were made,
illustrate the pattern of fertilizer distribution achieved in the
Overton Arm (Figure 3.1). In both 1987 and 1989, fertilizer
distributions were relatively even, although analyses of
chlorophyll concentrations demonstrate that the fertilized water
mass did subsequently undergo some degree of horizontal advection
(see Section 4). Following the 1987 experiment, it was clear that
it would not be feasible to use the upper part of the Overton Arm
(around station F-l; see Figure 2.1) as a valid northern control
for the research, as had originally been intended. This area was
readily impacted by fertilizer introduced further south.
In 1988, within a short time of the primary application on May
21 there was a considerably greater northwards movement of the
fertilized water mass, relative to 1987 and 1989. This resulted in
a low P-spike over much of the treatment area (Figure 3.1). In
contrast, following the secondary application of 1988 (June 18),
there was a southwards advection of the water mass, with elevated
phosphorus levels (and algal biomass) being observed at station F-
5a.
Maximum total phosphorus concentrations observed in these
synoptic surveys were 38, 42 and 116 vg/1 in 1987, 1988 and 1989,
respectively. However, these concentrations do not necessarily
accurately represent average epilimnetic conditions since samples
were collected shortly after fertilizer introduction. Under calm
conditions, a somewhat longer period is probably required to
achieve uniform mixing within the epilimnion.
Elevated epilimnetic concentrations of total phosphorus
persisted for less than 10 days following fertilizer applications,
as illustrated in Figures 3.2 and 3.3. Increases in soluble
orthophosphorus were observed for even shorter periods, as would be
expected from the rapidity with which this nutrient is typically
taken up by algae in phosphorus deficient systems (Wetzel 1983).
Concentrations of orthophosphosphorus are generally close to
analytical detection limits in much of Lake Mead at this time of
year.
Enhanced algal production increased the rate at which nitrate
was depleted from the epilimnion (Figure 3.4). Data from the
control stations F-6 & F-7 demonstrate the summer nitrogen
depletion that is typical of most areas of Lake Mead. The short-
term increase in ammonia concentrations as a result of fertilizer
(ammonium polyphosphate) loading is visible in the time and depth
plots (Figures 3.4 and 3.5). The ammonia was rapidly assimilated
by phytoplankton and returned to base-line concentrations within a
few days of the fertilizations.
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Figure 3.1: Total phosphorus concentrations (^g/1) in the
Overton Arm following fertilizer applications in
1987-1989.
(Data are from 0-5m composite samples, collected on
following dates: 6/3/87, 5/22/88, 6/9/89.
Stippled regions represent fertilized areas).
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Figure 3.5: Depth distribution of nitrate and ammonia nitrogen
at station F-4 (1988).
(Primary fertilizer application was on May 21,
secondary application on June 18).
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3.2 DISSOLVED OXYGEN
One of the potential impacts of elevated biological production
in the epilimnion is an increase in the rate at which oxygen is
utilized in the hypolimnion. Organic material produced in the
euphotic zone (which approximately parallels the epilimnion in the
Overton Arm) sediments into the hypolimnion where it is reduced,
using oxygen in the process. The impact of artificial
fertilization on the hypolimnetic oxygen demand was addressed by
comparing temporal changes in the dissolved oxygen concentrations
in the upper part of the hypolimnion at stations in the treatment
and control areas.
Figure 3.6 illustrates data from 1987 and 1988, together with
the control year, 1990. Data from 1989 were similar to those from
1987. Expressed as percent saturation (since temperatures change
through the summer), there is a clear pattern of decreasing
hypolimnetic oxygen demand from north to south in the Overton Arm
(i.e. from stations F-2 to F-6). This is to be expected since, as
with most reservoirs, there is a natural productivity gradient
extending downlake from inflowing tributaries. There is, however,
little evidence for any fertilizer-induced increase in the
hypolimnetic oxygen deficit. Indeed, by mid-July in 1987, when the
added phosphorus had produced a relatively large increase in algal
biomass, the difference in the oxygen deficits of stations F-2
(fertilized) and F-6 (control) was smaller than in 1988, when there
was less stimulation of algal growth, or in 1990 when there was no
fertilization. As will be discussed in Section 4, fertilization
produced only small increases in levels of algal biomass when these
are expressed as 30-day average, therefore, the lack of any
measurable effect on the hypolimnetic oxgyen deficit is not
surprising.
3.3 pH
Because of the high buffering capacity of Lake Mead water, pH
values typically display little variation during the growing
season. In 1987, for example, epilimnetic pH decreased from
approximately 8.6, at the beginning of June, to 8.3 in mid-July, at
both upper (fertilized) and lower (control) stations in the Overton
Arm. Hypolimnetic pH values exhibited a somewhat greater decrease
as the growing season progressed, reaching approximately 7.9 and
7.5 at stations F-6 and F-3, respectively, by mid-July. Values at
other stations and in other years were similar. The slightly lower
pH values at the upper stations reflect the north-south
productivity gradient in the Overton Arm, caused principally by the
inflowing Virgin and Muddy rivers, with artificial fertilization
possibly being an additional contributary factor.
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Figure 3.6: Temporal variation in dissolved oxygen (percent
saturation) in the upper part of the hypolimnion
(30 m depth) at three stations in the Overton Arm.
Data are for two fertilization (1987, 1988) and one
control (1990) years.
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3.4 WATER CLARITY
Temporal variation in Secchi depths demonstrated that
fertilization could have a temporary effect on water transparency
as a result of increased levels of algal biomass. In 1989, for
example, the Secchi depth exhibited a short-term decrease of
approximately 2 m following the first stage of the primary
fertilizer application (Figure 3.7). The bimodal Secchi decrease
coincided with the peaks in fertilizer-induced algal production
(see Section 4). By June 20, water clarity in the treatment region
had returned to pre-fertilized conditions. Secchi depths did,
however, decrease again in July, 1989, corresponding to a second
period of elevated chlorophyll levels (see Section 4). It may be
noted that natural variations in Secchi depth at control station F-
6 were of a similar magnitude (although"not necessarily in the same
direction) as those observed in the treatment area.
During the first two years of the program, the effect of
increases in algal biomass on water clarity were less obvious. In
1988, for example, the reduction in transparency following the
primary application appears to have been the continuation of an
existing trend of decreasing Secchi depths that started in mid-May.
Furthermore, the pattern at control station F-6 closely paralleled
that at F-2.
Interestingly, the trend at F-2 in 1990 (control year) present
a strong contrast to the previous three years, with Secchi depths
remaining almost constant at 5-6 m (Figure 3.7). While this
pattern is no doubt in part related to the absence of fertilization
in the control year, this does not appear to be a full explanation;
transparency also varied less in 1990 than it did during the pre-
fertilization periods of the previous years three years.
3.5 TASTE AND ODOR
3.5.1 Threshold Odor Number
One of the concerns of downstream water users in relation to
artificial fertilization of the Overton Arm was that the increase
in algal biomass might have an adverse impact on the off-flavors of
domestic water supplies. While the distances between the Overton
Arm and the downstream water intakes, together with the scale of
algal production actually realized, made this possibility extremely
remote, a sampling program was established for monitoring threshold
odor number at a series of three treatment and two (three in 1989)
control stations in the Overton Arm.
Threshold Odor Number (TON) refers to the dilution at which a
water sample has no detectable odor when sensed under standard
conditions (60°C) by a test panel (five persons were used for the
panels in the present research). Drinking water regulations
stipulate that a TON value of 3 or below is acceptable for finished
3-13
1-Jun 2-Jul 2-Aug 2-Sep
1987
l-May 1-Jun 2-Jul 2-Aug 2-Sep
0 _
f T 1988
F-2
' F-6
12
l-May 1-Jun 2-Jul
0
2-Aug 2-Sep
ft t 1989
12
l-May 1-Jun 2-Jul
0
2-Aug 2-Sep
3
6
9
12
15
1990
•F-2
F-6
Figure 3.7 Temporal variation in Secchi depth at fertilized(F-2) and control (F-6) stations in the Overto;
Arm.
(Arrows indicate times of fertilizer addition; no
fertilizer was applied in 1990) .
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(i.e. treated) water. This parameter is generally not regulated
for raw (in-lake) water.
Table 3.1 presents mean TON values from 1988 and 1989 (a
systematic monitoring program was not undertaken in 1987). in
1988, all values were below 3.5 and no clear fertilizer-related
trends were distinguishable. In 1989, with the generally higher
production of algal biomass, a broader range of TON values was
observed, the maximum being 5.3 at station F-2W on June 11.
Although there was a trend towards higher TON values characterizing
the fertilized stations on the two dates following the primary
application (6/8 and 6/11), a t-test showed that treatment-control
means were not significantly different (p>0.1).
A plot of TON vs. chlorophyll-a concentration again suggests
a positive relationship between algal biomass and TON (Figure 3.8).
From other studies that have implicated algae in the production of
odor-causing compounds (McQuire et al. 1984. Burlingame et al.
1986), such a relationship is to be expected. Nevertheless, the
range that was observed in both parameters during the present
research project clearly indicates that fertilization at the scale
used for this program would not significantly impact downstream
water supplies from the perspective of taste and odor.
3.5.2 Geosmin and 2-Methylisoborneol
Two compounds frequently of concern to water supply agencies
are geosmin and 2-methylisoborneol (2-MIB). These substances,
which can be produced by algae, particularly blue-greens, cause
earthy-musty flavors in some water supplies. Water quality
monitoring in 1988 addressed these potential impacts of the
fertilization. Water samples, collected as surface grabs from the
same series of stations and dates used for the TON monitoring, were
analyzed for geosmin and 2-MIB using closed loop stripping
analysis. Analyses were undertaken by the Philadelphia Suburban
Water Supply Company. Concentrations of both compounds were below
the quantitation limits (geosmin = 0.002 mg/1; 2-MIB = 0.020 mg/1)
for all stations and dates investigated.
3.5.3 Flavor Profile Analyses
A number of samples from the treatment and control areas of
the Overton Arm were shipped to the Metropolitan Water District of
Southern California for flavor profile analysis. Like TON, flavor
profile analysis is a sensory test for off-flavors in water, but is
claimed to be more detailed and objective than the former.
Although various aromas or odors (e.g. musty, earthy, woody) were
detected by the panel, none were at a level to cause significant
concern.
s
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Table 3.1: Threshold odor numbers, Overton Arm, 1988-1989".
DATE STATION
1988
5/17
5/24
6/6
6/15
6/21
6/27
1989
5/31
6/8
6/11
6/15
6/26
Fertilized
F-l F-2 F-4
2.3 2.0
2.7 2.2 2.0
2.1 2.0 1.9
3.0 2.7 1.9
2.3 2.3 2.4
1.9 2.3 2.6
Fertilized
F-2W F-2E F-4W
2.7 3.0 2.9
1.9 4.8 3.2
5.3 2.9 2.6
3.2 3.8 4.4
1.7 2.3 3.5
Control
F-6 F-7
1.9 2.0
2.7 2.0
1.6 1.5
2.3 2.7
3.2 2.2
2.4 2.4
Control
F-4E F-6 F-7
2.2 3.4 2.5
1.7 1.3 1.5
1.5 1.7
2.7 3.3 1.6
1.9 2.2 1.8
"Data represent geometric means of results from five panel members; samples
collected as surface grabs.
3-16
I5.
1
1 -
TON = 1.8 -f 0.35CN R2 = .328, p = .001
*
™ • •
m f
• j; A
1 2 3 4 5 6 7 8
Chlorophyll-a (ug/l)
Figure 3 . 8 : Relationship between threshold odor number (TON)
and chlorophyll-a concentrations ( 0 - 5 m ) , Overton
Arm, 1989.
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3.6 DISINFECTION BY-PRODUCT FORMATION POTENTIALS
Chlorination of water results in the production of a series of
chlorinated organic compounds, four of which (trihalomethanes) are
currently regulated in finished water by both state and federal
statutes. Research has shown that algae can produce trihalomethane
(THM) and other disinfection by-product precursors (Morris and
Brown 1978, Oliver 1983, Oliver and Shindler 1980). As was the
case with taste and odor, downstream water suppliers were concerned
that fertilization of the Overton Arm would lead to an increase in
the concentration of these organic precursors and that this
increase might potentially impact their raw water supplies.
Although the possibility for such an impact appeared remote, given
the distances and the algal production levels involved, the water
quality monitoring program for the 1989 experiment included
analyses of THM formation potentials on samples collected in both
treatment and control areas of the Overton Arm. Formation
potential refers to the quantity of THM's produced following
incubation of water with a specified (and excess) amount of
chlorine under standard conditions of temperature, pH and time. It
must be emphasized that the formation potential test procedure
employed in this research does not intend to mimic treatment plant
conditions. Rather, it provides an upper estimate of the potential
for THM formation.
Table 3.2 presents the results of the THM analyses undertaken
for the 1989 experiment. Only three of the four THM's were
quantifiable; bromoform was below the detection limit in all
samples. In addition, other pentane-extractable compounds, such as
haloacetonitriles, which would have been detected in this analysis
had they been present at sufficiently high levels, were not found.
Total THM's increased by about 30-40 A/g/1 at the fertilized
stations between June 2 (before the primary application) and June
11 (coincident with the fertilizer-induced peak in algal production
[see Section 4]. Total THM's also increased at the control station
4E, but by a much smaller amount than at the treatment stations.
Concentrations at control station F-6 on June 11, however, were
almost as high as those at the fertilized stations. Although there
are no data from F-6 on June 2, it is likely that levels at this
station were very similar to those at F-7. Thus the apparent
increase in THM formation potentials at F-6 between June 2 and June
11 suggests "natural" variation, to a large degree unrelated to
fertilization. By June 15, total THM formation potentials had
decreased to levels characteristic of the pre-fertilization period
(June 2).
Although the data from control station F-6 make it difficult
to document a direct impact from fertilization on THM formation
potentials, a significant, albeit weak, relationship does exist
within this data set between total THM formation potential and
chlorophyll-a concentrations (Figure 3.9). Studies carried out
elsewhere in Lake Mead and in the downstream reservoir, Lake
Mohave, have also clearly demonstrated a positive relationship
between algal biomass (chlorophyll) and THM (and other disinfection
by-product) formation potentials (Vaux, Coates and Paulson,
Table 3.2: Trihalomethane formation potential (/jg/1), Overton
Arm, 1989*.
THMFP DATE
Fertilized
2W 2E
CHCl,
CHCl2Br
CHClBr2
Total
THMFP
6/2
6/11
6/15
6/2
6/11
6/15
6/2
6/11
6/15
6/2
6/11
6/15
7 2 . 4 ( 5 . 1 }
100.3(1.1}
69.6(2 .7)
30 .4 (4 .0 )
30.4(0.4)
27.8(1.1)
14.7(2.3)
13.6(0.2)
13.3(0.7)
117.5
144.8
111.5
7 2 . 4 ( 5 . 1 )
93.2(1.6)
70.1(4.0)
30 .4(4 .0)
31.6(0.7)
28.6(2.0)
14,7(2.3)
15.1(0.3)
14.1(1.2)
117.. 5
140.5
113.6
STATION
4W
6 7 . 4 ( 7 . 2 )
103.8(2.4)
69 .7 (7 .9 )
2 7 . 7 ( 3 . 5 )
31.9(1.0)
2 6 . 6 ( 2 . 4 )
12.8(1.6)
14.2(0.7)
12.3(1.0)
107.9
149.9
109.4
4E
7 2 . 6 ( 1 . 0 )
81.5(0.1)
64.3(0.1)
31.0(1.2)
29 .2 (0 .4 )
2 7 . 7 ( 0 . 4 )
14.2(1.2)
13.8(0.0)
13.5(0.2)
117.8
124.5
106.2
Control
6 7
60 .8 (3 . 5)
89 .6 (0 .4 )
63.0(0.7) 65.8(3.1)
22 .8(1 .1 )
32.3(0.3)
26 .9 (0 .2 ) 27 .5(1 .5)
10.1(0.6)
14 .9(0 .2)
13.2(0.2) 12 .4 (0 .3 )
93.7
137.7
104.0 106.4
'Values represent means (i standard error) of replicate incubations,
Chlorination conditions: 5 ppm Cl; 7 days; pH = 8.5; 25°C; dark.
Bromoform (CHBr3) below detection limits at all station/dates.
I
I
I
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OVERTON ARM 1989: Total THM's.
vs. Chlorophyll-a
TTHM
tso
14O
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Figure 3.9: Relationship between total trihalomethane (TTHM)
formation potential and chlorophyll-a
concentration, Overton Arm, 1989.
(See text for conditions of TTHM potential
analyses).
3-20
'
I
.
unpublished data). Nevertheless, the Overton Arm study suggests
that any impacts from the fertilization on THM precursor
concentrations were short-lived. Within 10 days of the first
fertilizer application, THM precursors had returned to their pre-
fertilization concentrations.
3.7 PERIPHYTON
An additional water quality concern expressed by some
interested parties during the course of the research program was
the impact of fertilization on the growth of attached algae
(periphyton), either on boat hulls, marina structures or on benthic
substrates. Increased periphyton growth would not only represent
a potential aesthetic problem, but might also include the growth of
species producing geosmin and 2-MIB (see Section 3.5.2).
A consideration of the dilution effect on in-lake fertilizer
concentrations once the added phosphorus reached the hypolimnion
(either through sedimentation in particulate form and/or through
water column mixing in the fall) suggested that any stimulation
benthic periphyton growth would be minimal. A quantitative
evaluation of temporal patterns in periphyton biomass in the
Overton Arm was far beyond the scope of this project.
Nevertheless, a short study was undertaken to document changes in
periphyton biomass per unit area of selected boat hulls in the Echo
Bay and Overton Beach marinas. Samples were collected by divers
using the technique of Loeb (1981) and were subsequently analyzed
for dry weight and percent organic matter. As Table 3.3
illustrates, there was no consistent trend in periphyton biomass
from pre- to post-fertilization sampling periods.
In addition to the sampling discussed above, collections of
benthic periphyton were made along depth transects in selected
coves in the upper and lower regions of the Overton Arm. These
samples were collected primarily to document any major changes in
community composition that might occur in association with the
fertilization. No efforts were made to document actual periphyton
biomass in the different coves. The data (Annex No. 1) show no
obvious trends in periphyton community composition that could be
related to fertilization.
f
3.8 CONCLUSIONS
Fertilization of the Overton Arm resulted in very few water
quality impacts, none of which could be judged to represent a
threat to downstream water supplies. The two parameters of most
interest from the drinking water perspective were taste and odor,
and THM formation potentials. Although there was some indication
of an effect on the threshold odor number, this was both small and
short-lived. Data on THM formation potentials are inconclusive,
but nevertheless suggest that any effect there may have been was
also both small and temporary.
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Table 3.3: Dry weight and percent ash-free dry weight of
periphyton collected from boat hulls before and
after fertilizer application, 1988".
Boat No . Date Periphyton
MEAN
1
1
1
2
2
2
3
3
3
05/16/88
05/24/88
06/21/88
05/16/88
05/24/88
06/21/88
05/16/88
05/24/88
06/21/88
13
21
27
55
58
6
9
0
5
.8
.9
.2
.7
.8
.8
.0
.8
.0
Dry Wt
ST.
5
9
22
14
16
2
5
0
5
. a)*
DEV.
.8
.1
.1
.0
.3
.6
.0
.2
.3
% Ash Free Dry Wt .
MEAN ST.
60
51
43
14
13
18
22
56
35
.2 ..
.5
.7
.0
.0
.8
.5
.9
.2
11
5
17
1
1
6
4
15
18
DEV.
.7
.0
.4
.9
.3
.3
.3
.6
.8
*a) Dry weights are in mg and refer to biomass of material present
in a standard 6.2 cm2 area sampled with the periphyton
collection equipment. Means and standard deviations are of 5
replicate samples.
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From the limnological perspective, the increased algal biomass
caused, at most, only short-term decreases in water transparency.
The enhanced algal production slightly accelerated the normal
process of epilimnetic inorganic nitrogen depletion that occurs in
Lake Mead during the growing season. The added phosphorus
"disappeared" from the epilimnion within about a week following its
introduction. Although no measurements were made of phosphorus
sedimentation rates from the epilimnion into the hypolimnion,
phosphorus depth profiles suggest that some of the decrease in
epilimnetic concentrations may have been the result of
sedimentation. No measurable increases in the hypolimnetic oxygen
deficit could be attributed to the fertilizer-induced algal
production.
I
\
1
j
3-23
J

4 -
4. 1 PHYTOPLANKTON BIOMASS
Three methods were used as indicators of phytoplankton
biomass :
(a) Acetone-extracted chlorophyll-a concentrations;
(b) In-vivo chlorophyll fluorescence;
(c) Cell enumerations and biovolume estimates.
Measurements of in-vivo chlorophyll fluorescence represent the
most detailed data base, with data being collected from a broad
range of stations and dates. Acetone-extracted chlorophyll-^
concentrations (uncorrected for phaeophytin) were measured for a
reduced sub-set of stations and dates in each year of the study.
Regression of chlorophyll concentration on fluorescence
demonstrated that the latter could be used as a good predictor of
the former (R2 values were about .88 in all years). Linear
chlorophyll - fluorescence regressions were prepared for individual
years and these relationships were used to transform all
fluorescence data to chlorophyll equivalents. For purposes of
consistency, the chlorophyll data presented in this report
represent fluorescence-derived concentrations. Unless otherwise
stated, all chlorophyll data refer to 0-5 m integrated samples.
Figure 4.1 shows a typical series of chlorophyll depth
distributions from the 1987 experiment. Figures 4.2 - 4.5
illustrate the temporal variation in average epilimnetic
chlorophyll concentrations observed at the main-channel (open
water) sampling stations from mid-May through mid-July in each year
of the program. As illustrated by the data from the control year,
1990, a natural north-south productivity gradient exists in the
Overton Arm, caused by the inflows from the Virgin and Muddy
rivers. Nevertheless, in the absence of artificial fertilization,
chlorophyll concentrations throughout this region of Lake Mead were
consistently below 3 A/g/1.
Fertilization produced short-term (ca. one week) increases of
about 5-10- ;jg/l in chlorophyll concentrations, beginning
approximately 3 days after the fertilizer applications. The
maximum chlorophyll values observed were similar in each of the
three years, but the spatial pattern of algal biomass varied
substantially between years. In 1987, there was some advection of
the fertilized water mass both to the north and, particularly, to
the south. The following year (1988), there was substantial
northwards advection of the fertilizer following the primary
application on May 21. Elevated chlorophyll levels at this time
were observed only north of station F-2 (Figure 4.3), even though
fertilizer had been introduced as far south as station F-4.
Following the secondary application of 1988 (June 18), chlorophyll
peaks occurred only at stations south of F-2, a pattern similar to
that observed with the 1987 fertilization. It appears that a
Depth (m)
5 --
10 --
15 A
20
25 X
Chlorophyll-a (ug/1)
4 6
6/4
Figure 4.1Depth distribution of chlorophyll-a concentrations
at fertilized station F-4 on four dates in 1987.
(Fertilizer was added on May . 30, 1987.
Concentrations are derived from measurements of in-
vivo algal fluorescence).
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slight chlorophyll response occurred as far south as F-6 following
the secondary application of 1988.
In 1989, there appeared to be reduced large-scale movement of
the fertilized water mass (Figure 4.4), although the change in the
area to which fertilizer was applied makes a direct comparison with
previous years difficult. The bimodal nature of the chlorophyll
increase following the primary 1989 application reflects the two
days required to apply the first 15,000 gallons of fertilizer.
Although fertilizer was only applied to the west side of the Arm
in the F-4 region (Figure 2.2), there was a low-level response on
the east side (station 4E in Figure 4.4). In contrast to the
pattern observed in 1988, the secondary fertilizer application of
1989 (June 19) did not produce a short-term peak in chlorophyll
levels. Instead, concentrations exhibited a later, and apparently
longer-term, increase beginning towards the end of June (Figure
4.5). It is unclear whether this latter increase was the result of
the fertilizer addition. The absence of an analogous increase at
stations F-6 and F-7, however, suggests that the fertilizer was, in
fact, responsible.
The short-term nature of the fertilizer-induced chlorophyll
peaks is underscored in Table 4.1 which presents 30-day mean
chlorophyll concentrations for the periods beginning about 3 days
before the primary applications and encompassing the main increases
in algal biomass. Water quality standards for Lake Mead stipulate
that 30-day mean chlorophyll-a concentrations should not exceed 5
A/g/1 (NDEP 1986). Clearly, artificial fertilization did not
violate this regulation.
Improved spatial resolution of chlorophyll distribution in the
Overton Arm following the fertilizer applications is provided in
Figure 4.6. These figures are based on synoptic samples from
approximately 37 stations throughout the area, collected on the
days of peak chlorophyll development following the primary
fertilizations. Prior to the fertilizer applications, chlorophyll
levels throughout the Overton Arm were < 3 vq/1. These synoptic
figures clearly show the horizontal advections of the fertilized
water masses that have been described above.
The synoptic chlorophyll distributions from 1987 and 1989 show
that the western side of the upper Overton Arm tended to be more
productive than the eastern side. A similar pattern occurred in
1988, although levels overall were too low for this trend to be
evident with the contouring intervals employed in Figure 4.3.
While wind-induced movement of fertilized water and the pattern of
fertilizer distribution (in 1989) contributed to this east-west
gradient, it does appear that the west side of the Overton Arm
tends to be naturally more productive than the east side. Table
4.2 summarizes mean algal fluorescence values in the control year
(1990) for east-side west-side coves (see Figure 2.1)Demonstrating
the east-west productivity gradient. Higher turbidities also tend
to characterize the west-side coves. A proportion of this
turbidity is of biogenic origin (phytoplankton), but the more
important contributor is probably re-suspended silt, indicating
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Table 4.1: Thirty-day mean chlorophyll-a concentrations (time-
weighted) at fertilized and control stations in the
Overton Arm of Lake Mead, 1987-1990.
Station
Fertilized
M-l
F-0
F-l
F-2
F-2W
F-2E
Fire
Salt
F-3
F-4
F-4W
Control
F-4E
F-5
F-5a
F-6
F-7
1987
n.d.*
n.d.
2.2
3.3
n.d.
n.d.
n.d.
n.d.
3.1
3.2
n.d.
n.d.
2.4
n.d.
1.8
n.d.
1988
n.d.
3.4
2.7
2.0
n.d.
n.d.
1.9
1.7
1.5
1.7
n.d.
n.d.
n.d.
1.4
1.2
1.2
1989
4.3
6.0
3.5
3.5
3.3
3.5
4.3
4.0
2.6
2.2
3.1
1.9
n.d.
1.7
1.5
1.5
1990
2.3
n.d.
1.6
1.2
1.4
1.1
2.0
1.5
1.1
1.1
1.0
0.9
n.d.
1.0 '
1.0
1.0
"n.d. - No Data
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3 June 1967
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Figure 4.6: Synoptic distribution of chlorophyll concentrations
in 0-5m composite samples from the Overton Arm
following primary fertilizer applications of 1987,
1988 and 1989.
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Figure 4.6 (continued)
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Table 4.2: Mean in-vivo algal fluorescence (^standard
deviation) of east- and west-side coves in the
Overton Arm, 1990.
FLUORESCENCE (±standard deviation)
May June July
West Side: Fire
Salt
28(±10)
27(±11)
49(6)
36(±7)
51(22)
34(±4)
East Side: Glory
Lime
18(±3)
15(±3)
26(±2)
25(±4)
20(±6)
21(±D
Number of dates sampled: 4(West Side)
3(East Side)
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higher levels of wind-mixing in the west-side coves. This would no
doubt also result in enhanced internal nutrient loading in the
latter regions, in turn stimulating algal production.
Chlorophyll concentrations provide an indirect indicator of
algal biomass. A direct measure of this parameter was obtained
using phytoplankton cell counts and biovolume estimates (Janik
1984). Temporal patterns in total phytoplankton biomass (in 0-5 m
integrated samples) are shown in Figure 4.7 for representative
treatment (F-2, F-4, 2W, 2E, 4W) and control (F-6, 4E) stations
during the three years of fertilizer application. In general,
trends in biomass derived from cell counts closely parallel those
observed with chlorophyll concentrations. The peak in algal
production following the single application in 1987 is clearly
seen, with biomass increasing from about 200 mg/m3 to over 600 mg/m3
at the beginning of June. Interestingly, in this year biomass also
exhibited a substantial increase later on in the month, but this
time at all stations and not just in the fertilized region.
Relative to 1987, lower peak biomasses characterized the second
year of fertilizer application (1988), as already demonstrated by
chlorophyll concentrations. The effect of the secondary
application in that year (June 18) was evident at station F-4, but
scarcely so farther north at F-2. Again, this closely follows the
pattern observed with chlorophyll concentrations (Figure 4.3). In
1989, peak algal biomasses at treatment stations were substantially
higher than in previous years, although it should be noted that the
1989 stations shown in Figure 4.7 do not correspond directly to
those sampled in the previous two years. Because of modifications
to the treatment area in 1989, center channel stations (F-2 and F-
4) were not sampled for phytoplankton counts in that year.
Time-weighted mean values for the period from mid-May through
June show that algal biomass in the fertilized region was from 20%
to almost 200% greater than at control station F-6 (Table 4.3").
The low value of 20% is from 1987 when higher biomasses at all
stations towards the end of June (Figure 4.7) acted to reduce the
differential between treatment and control station means.
4.2 PHYTOPLANKTON PRODUCTIVITY
4.2.1 Temporal and Spatial Variation
Measurement of the rate of production of new algal biomass is
a second, and potentially more useful, approach to evaluating the
impact of fertilization on phytoplankton.
Simultaneous in-situ measurements of primary production at a
series of treatment and control stations in the Overton Arm were
not feasible in the present study. Therefore, samples (0-5 m
composites) were collected in the field, transported to the
laboratory and incubated with 14C under standard conditions of light
and temperature. This method permits a reliable comparative
evaluation to be made of primary productivity at different stations
and dates. On its own, however, it does not provide a measurement
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Figure 4.7: Phytoplankton biomass (estimated from cell
enumerations and biovolume estimates) at fertilized
(F-27 F-4, 2W, 2E/ 4W) and control (F-6/ 4E)
stations in the Overton Arm.
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.,
.Table 4.3: Mean algal biomass for fertilized and control
stations in the Overton Arm during mid-May to late-
June, 1987-1989.
(Data calculated from cell enumerations).
Period:
Number of values
used in averages
Phytoplankton Mean Biomass (mg/m3)
I
r
i
Station
Fl
F2
2W
2E
F3
F4
4W
4E
F5
F6
F7
1987
319
353
341
346
312
289
_ _ .
1988
379
242
218
115
101
1989
'— — —
398
403
399
236
142
— _ —
5/14-6/24 5/10-6/23
9
5/15-6/23
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of actual in-lake production. Section 5.5 discusses a method for
"calibrating" laboratory-based data with in-situ measurements to
allow an estimation of in-lake rates of primary production in the
Overton Arm.
Figures 4.8 and 4.9 illustrate the temporal patterns in
primary production at a series of fertilized and control stations
in 1988 and 1989. Peak values at the treatment stations in these
two years were generally between 10 and 20 mgC/mVhr. By
comparison, all primary production measurements from the center
channel stations in 1990 were below 2.5 mgC/mVhr (with one
exception -- F-l at the end of July,. which was 5.1 mg C/mVhr) .
Comparison of Figures 4.8 and 4.9 with Figures 4.3 and 4.4 clearly
shows that trends in primary productivity closely followed those in
algal biomass (chlorophyll). As with chlorophyll, the fertilizer-
induced peaks in primary production were relatively short-lived.
Nevertheless, it does appear that, whereas chlorophyll returned to
base-line levels following these peaks, primary production remained
at partially elevated levels for a several weeks following the
initial fertilizer applications.
A more quantitative way of comparing trends in primary
productivity and algal standing crop is to express production on a
per unit algal biomass basis. Figure 4.10 presents this analysis
for 1988 data, using biomass estimates derived from cell
enumerations. The peaks following the primary and secondary
fertilizer applications at stations F-2 and F-4 clearly demonstrate
the stimulatory influence of the fertilizer on the individual algal
cells. The data for station F-6 also indicate that some of the
fertilizer from the second application (June 18) probably reached
the lower part of the Overton Arm. The fertilizer-induced peaks in
production per unit algal biomass appear to be superimposed on a
trend of decreasing productivity through time. This is to .be
expected as a result of generally decreasing nutrient levels
(particularly inorganic nitrogen) as the summer progresses.
4.2.2 Size-Fractionated Primary Production
In evaluating the impact of increased algal production on
higher trophic levels, one of the factors that is important to
address concerns the algal size classes that are stimulated by the
fertilization. If only the largest size classes (filamentous
algae, for example) were to show an effect, then it is likely that
little of the increased production would be utilized by the next
trophic level (zooplankton).
The 1989 research incorporated series of size-fractionated
primary production measurements that were designed to investigate
which components of the algal community exhibited the greatest
response to nutrient enrichment. Water samples (0-5 m composites)
were incubated with UC using the same procedure as for routine
measurements of primary production. Following incubation, the
samples were drawn through a stack of filters with the following
pore sizes: 50 pm, 20 jum, 10 ^ m, 5 j^ m, and 0.45 urn (Figure 4.11).
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#6 Swinex
filter holder
filter pore size (inside)
50 um
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5 um
0.45 um
vacuum
Figure 4.11: Apparatus used
experiments.
for algal size fractionation
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Figure 4.12 presents data from one fertilized (2W) and one
control station (F-6). A second treatment station (4W) gave
essentially the same results as station 2W. Under non-fertilized
conditions, a large proportion (50-70%) of the algal community
production occurred within the 20-50 fjm fraction (i.e. cells
retained on the 20 ym filter) . As overall production levels
increased following fertilization (at station 2W) , the 20-50 /jm
fraction continued to be the most important. The largest algal
size class (species retained by the 50 ym filter -- primarily
filamentous species) represented the smallest contributor to total
primary production.
4.3 PHYTOPLANKTON SPECIES COMPOSITION
An understanding of which algal taxonomic groups exhibited the
greatest response to fertilization is also important in evaluating
the availability of enhanced primary production to higher trophic
levels. Furthermore, the differential response by various algal
groups has potential water quality implications. For example, a
preferential stimulation of blue-green species might be of concern
in terms of taste and odor.
In each of the fertilization years, samples were collected
from both treatment and control stations for phytoplankton
identification and enumeration. The resulting data base is
illustrated here using just two stations, F-2 (2W in 1989) and F-6.
Other stations exhibited essentially the same responses as those
from the two selected sites. Figures 4.13 - 4.16 summarize the
phytoplankton community composition by major taxonomic groupings.
In terms of cell abundance (Figures 4.13 and 4.14), blue-
greens were generally the dominant group at all stations and dates.
This was particularly so in 1987. Samples collected in 1989
indicated a somewhat more diverse community, with chrysophy'tes
providing a greater contribution to total abundance. The
importance of the blue-green group was contributed almost entirely
by one species, Aphanocapsa delicatissima. This is a species that
typically occurs in large colonies, from a few hundred to several
thousand cells in number. Individual cells are small, less than
1.5 ^m in dTameter.
During the period sampled, in 1987, there was little change,
in the overall contribution of Aphanocapsa to total cell abundance.
In contrast, data from 1988 and, particularly 1989 indicate that the
percent contribution by blue-greens decreased immediately following
the primary fertilizer applications (Figure 4.13). Blue-greens
also showed a reduced proportional abundance later on in the
growing season in these two years. The low percent abundance of
all six major groups on 17 May, 1988 at F-2, was the result of
large numbers of microf lagellates present in the algal community.
These small species, however, contributed considerably less to
total community biomass (e.g. Figure 4.15).
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While blue-greens, particularly Aphanocapsa delicatissima,
tended to dominate the algal community in terms of numbers, this
was not the case when their contribution is expressed as percent
biomass (Figures 4.15-4.16). In 1987, they represented about 50%
of total biomass, with their contribution declining shortly after
fertilizer application (June 3 and 7; compare F-2 and F-6). In
subsequent years, percent biomass of blue-greens was considerably
reduced. In 1988, for example, diatoms were of particular
importance following fertilization. Fragilaria crotonensis was the
diatom species that appeared to respond most to fertilization in
that year (see below). At the control station, cryptophytes,
particularly Cryptomonas erosa, were more important than diatoms
(see below). In 1989, two cryptophyte species, Cryptomonas erosa
and C. marssonii represented between about 20% and 40% of total
phytoplankton biomass. In both 1988 and 1989, greens were more
abundant at the fertilized station than at the control station.
However, in terms of their proportional representation in the
community, they displayed no obvious responses to fertilization.
While data presented in Figures 4.13 - 4.16 provide a useful
picture of broad changes in the phytoplankton community, they do
not depict the population dynamics of individual species. A
detailed description of the responses of each species to
fertilization will not be attempted here. Nevertheless, in order
to illustrate the range of dynamics observed, Figures 4.17 - 4.19
summarize abundance patterns of some of the more abundant species
in 1988. Fragillaria crotonensis, as already mentioned, exhibited
a clear response to the primary application of fertilizer in 1988,
but did not respond to the secondary application (Figure 4.17).
Both Rhodomonas minuta and Cryptomonas erosa appeared to respond to
the primary and, possibly, the secondary applications (Figure
4.18). Other species, such as the blue-green Chroococcus
limneticus, was not stimulated by fertilizer addition. Its
densities remained low for almost one month following the primary
application and then increased throughout the Overton Arm during
July (Figure 4.19). The most important blue-green in terms of
numbers, Aphanocapsa delicatissima, exhibited a confusing pattern
(Figure 4.19). Densities increased after both primary and
secondary fertilizer applications, but these increases occurred at
both treatment and control stations, suggesting a natural, rather
than a fertilizer-induced pattern. An analogous pattern was
observed with the chrysophyte, Chrysochromulina parva, in that
bimodal density increases were observed at both fertilized and
control stations (Figure 4.19).
4.4 CONCLUSIONS
Fertilization of the Overton Arm produced short-term
(appoximately one week) increases in chlorophyll concentrations of
about 5-10 vg/1, resulting in temporary mesotrophic conditions.
Although maximum chlorophyll levels were similar in each of the
three years, the spatial distribution of the chlorophyll
development varied considerably between years. In particular, a
northwards advection of the fertilized water mass in 1988,
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Figure 4.17: Variation in densities of Chrysomchromulina parva
and Fraqilaria crotonensia, Overton Arm, 1988.
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presumably the result of internal seiching activity, resulted in
the southern half of the treatment area exhibiting virtually no
increase in algal growth following the primary application. The
smaller secondary fertilizer application in 1988 (mid-June)
produced discrete chlorophyll peaks, whereas the equivalent
application in 1989 appeared to result in a longer-term algal
increase.
In addition to the pattern observed in 1989, it is possible
that, following the major chlorophyll peaks in all three years,
recycling of the added nutrients resulted in a low, but more
prolonged, increase in algal biomass. While the chlorophyll data
are insufficiently sensitive to clearly demonstrate this, the
primary production measurements do suggest that this process was
occurring. If this was, in fact, the case, then the overall net
increase in algal production resulting from the fertilization would
have been higher than was suggested by just the short-term
chlorophyll peaks.
In view of the short-term nature of the chlorophyll
increases, average chlorophyll concentrations during the 30-day
period following the primary fertilizer applications were below 5
vg/1 at all center channel stations. Thus, the water quality
implications of the chlorophyll increases were negligible.
Patterns in primary productivity closely followed those in
algal biomass (chlorophyll), although significant, short-term,
increases in production per unit biomass were evident following
fertilizer additions. Size-fractionated production measurements
demonstrated that most of the production was occurring in the 20-50
^m size class, and that this pattern did not change substantially
as overall production levels increased following fertilization.
Production in the largest size class (>50 pm) was low at all times.
The Overton Arm phytoplankton community was dominated by small
blue-green species in terms of numbers. In terms of biomass, blue-
greens were considerably less important, with diatoms and
cryptophytes representing as much as 80% of total biomass.
Fertilization appeared to reduce the proportional representation of
the blue-greens. The responses of individual species to
fertilization were extremely varied.
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5.1 INTRODUCTION
While fertilization of the Overton Arm resulted in distinct
pulses in algal production and standing crop, it is necessary to
demonstrate to what extent this enhanced productivity was
transmitted to the next stage in the food chain, particularly
herbivorous zooplankton. . Three approaches were used for
investigating the impacts of fertilization on the zooplankton
community. First, the demographics of the various species were
closely monitored at treatment and control stations. The resulting
data were then used in a time-series analysis to identify which
groups of zooplankton exhibited density changes associated with
increases in algal production. Second, the physiological response
of cladocerans, particularly Daphia pulex, was studied using a
visual indexing of lipid accumulation and the measurement of egg
production rates. The third approach involved the calculation of
production rates and the comparison of these with estimates of
algal primary production. This analysis was done with the species
that showed the clearest response to fertilization, Daphnia pulex.
This section discusses the three sets of analyses outlined
above. No attempt is made to provide a detailed description of the
dynamics of each zooplankton species present in the Overton Arm.
This approach would entail excessive descriptive information
without producing a concise analytical interpretation of the
patterns associated with increased algal production. Instead, the
following discussion focusses primarily on broad patterns in the
zooplankton community and on the specific responses of selected
species.
5.2 COMMUNITY COMPOSITION; TEMPORAL AND SPATIAL PATTERNS
Lake Mead currently has a fairly simple zooplankton community,
with three major cladoceran species, three relatively abundant
copepods and about six important rotifer species (Sollberger 1987,
Wilde 1984). In order to provide a broad overview of temporal and
spatial patterns in the Overton Arm during the present research
program, Figures 5.1 - 5.4 present zooplankton densities grouped
into four taxonomic/growth stage categories: rotifers, copepod
nauplii, copepod copepodites + adults, and cladocerans. Densities
are expressed on an areal basis, or the number of animals occurring
below one square meter of water surface. (Plankton hauls were made
from 40 m to the surface, where depth permitted; very few
individuals occur below 40 m in Lake Mead [Sollberger 1987, Vaux
and Paulson, unpublished data]). Data points in these figures
represent the means of duplicate samples, with the exception of
1987, when single samples were collected. Error bars have been
omitted from the figures for sake of clarity. Average coefficients
of variation for duplicate samples were as follows (the standard
deviation of the means appearing in parentheses): nauplii 12 (13);
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copepodites and adults 13 (13); cladocerans 20 (18); rotifers 20
(22).
From the-data presented in Figures 5.1 - 5.4, several mayor
conclusions can be drawn. Densities of copepod nauplii tended to
decrease through early to mid-summer, although this trend was not
evident in 1987. In both 1987 and 1988, densities were similar at
treatment and control stations with the exception of a short period
in mid-June, when abundance was higher at the fertilized station.
Naupliar densities exhibited greater variation in 1989 than in the
other years, with peaks occurring at both treatment and control
stations in June. Densities in the control year (1990) were
broadly similar to those in 1987 and 1988, although there were none
of the short-term peaks in 1990 that were evident in the earlier
years.
Densities of the older copepod growth stages (copepodites and
adults) were about one half those of the nauplii, but exhibited
broadly similar patterns as the latter group. Variation in
abundance was greater at F-2 than at the control station F-6,
particularly in 1988 and 1989. Prominent peaks in naupliar
abundance did not appear to translate into later peaks in the older
growth stages, but the sampling program may not have been
sufficiently fine-grained to identify these.
Rotifer abundance (all species grouped together) both within
and between years. Densities were broadly similar at both
fertilized and control stations, although numbers at station F-2
were significantly higher on some sampling dates. These dates did
not always coincide with the immediate post-fertilization period,
however. In 1989, for example, highest rotifer densities occurred
a few days before fertilizer was added.
Of the four groups, cladocerans exhibited the least amount of
inter-annual variation in their population dynamics. In all three
fertilization years, there were clear peaks in abundance at the
treatment station in June, about 10 days following introduction of
the fertilizer. During this time, densities at control station F-6
showed considerably less variation. Interestingly, cladoceran
abundance at station F-2 also increased in 1990 during the first
part of June. However, this increase was similar in magnitude to
those observed prior to fertilizer additions in the previous three
years. Furthermore, the 1990 increase was not attributable to
Daphnia pulex, the species that responded to fertilization in the
previous three years, but to the small cladoceran, Bosmina
lonqirostris.
The multi-specific nature of the groupings used in Figures 5.1
- 5.4 obviously acts to obscure some of the species specific
abundance patterns, as indicated above. These patterns will be
addressed in more detail with the time-series analyses presented in
Section 5.4. It should be noted here, however, that the mid-to
late summer increases in cladoceran densities were attributable
mainly to Bosmina. In contrast, the peaks in abundance that
occurred earlier in the growing seasons (June) of 1987 through 1989
5-6
were almost entirely the result of increases in the population of
the large cladoceran Daphnia pulex. These are further discussed
below.
The use of densities to describe a plankton community can
produce a very biased view of its structure, particularly when a
broad range of species is involved. Expressing abundance as
biomass, compensates for between-species size differences. It
probably also provides a more useful view of the community when
addressing interactions between different trophic levels. Figures
5.5 and 5.6 summarize temporal and spatial variation in zooplankton
biomass for the 1988 Overton Arm community. These figures clearly
show that, while nauplii and rotifers are the two groups which
typically exhibited the highest densites, they both represented a
very small proportion of total biomass. Cladocerans and the older
copepod growth stages represented approximately equal biomasses.
A pattern of decreasing biomass through the growing season
characterized both the older copepod and the cladoceran groups.
For the copepods, there was little evidence of any biomass response
to the fertilizations; while minor peaks occurred in June and early
July, these were similar in magnitude to those observed at other
times and they also occurred at both fertilized and control
stations. The pattern was quite different with the cladocerans,
however. Here, substantial biomass peaks occurred in early June at
both the treatment stations illustrated in Figure 5.6 (and also at
other fertilized stations, not shown in this figure). While there
was also a small peak at the same time at the upper control station
(F-6), there was no analogous increase at the more southerly
control station, F-7. As will be further shown below, the June
increases in cladoceran (Daphnia) abundance can be specifically
attributable to the fertilizer addition. The low cladoceran
biomass typical of all stations in mid- to late-summer reflects the
sparse populations of Daphnia at this time of year. Although
densities of Bosmina are often quite high in July and August, this
small species contributes little to total zooplankton biomass.
From the above discussion, it appears that fertilization
influenced primarily the cladocerans and specifically Daphnia
pulex. Another Daphnia species, D. galeata, was less abundant
during the period of enhanced algal production and therefore did
not contribute as much to the overall cladoceran response. Figures
5.7 and 5.8 provide more detailed insight into the patterns of
Daphnia abundance. In each of the three fertilization years,
densities of this species increased by about 400% in the treatment
area following the primary fertilizer applications. At the control
station F-6, and at both stations in the control year (1990),
Daphnia densities remained relatively uniform during this period
(Figure 5.7).
In contrast to the impact of the primary fertilizer
applications, there was little response in Daphnia population size
to the smaller secondary fertilizations, for example in mid-June of
1988 (Figure 5.8). Physiological indicators (see below)
demonstrated that productivity on an individual animal basis (egg
5-7
r750
CM
*•»
O
CO
375
01/01 03/02 05/02 07/02 09/01 11/01
7SOi
CM
O
cn
375
F-4
V
CM
O
O)
01/01 03/02 05/02 07/02 09/01 11/01
750i
375
01/01 03/02 05/02 07/02 09/01 11/01
O
O)
750
375 A
01/01 03/02 05/02 07/02 09/01 11/01
DATE
-•— Copapodrtest Adults -">••• Nauplii
Figure 5.5: Biomass of nauplii and older copepod growth stages
at two fertilized (F-2, F-4) and two control (F-6
and F-7) stations in the Overton Arm (1988).
5-8
CNJ
o
O)
750
375
O
CO
01/01 03/02 05/02 07/02 09/01 11/01
750i
375
O
05
01/01 03/02 05/02 07/02 09/01 11/01
750T
375
01/01 03/02 05/02 07/02 09/01 11/01
O
O)
750
375
01/01 03/02 05/02 07/02 09/01 11/01
DATE
Cladocerans ••••*-• Rotifers
Figure 5.6: Biomass of claocerans and rotifers at two
fertilized (F-2, F-4) and two control (F-6, F-7)
stations in the Overton Arm, 1988).
5-9
10CH
E
\
ID
2
D
Z
100
ft0
5/
1990 I
t"*~" • — •— »..» . g
15 6/1 7/1 8/
DATE
F-2
..•O--
F-fi
1
Figure 5.7 Densities of Daphnia pulex at stations F-2 and F-6,
Overton Arm, 1987-1990.
(Arrows indicate dates of primary fertilizer additions).
5-10
F-l
Ui
0)
JD
a
I
u
OJ
-30 -15 0 15 30 45 60
DAY (0- May 21)
Figure 5.8: Spatial and temporal variation of Daphnia pulex
densities in the Overton Arm, 1988.
(Fertilizer was added on days 0 and 28).
5-11
ratios) did respond to the elevated chlorophyll levels following
the secondary application. However, Daphnia numbers had reached
such a low level by this time that this physiological improvement
was insufficient to substantially boost overall population
densities.
5.3 PHYSIOLOGICAL RESPONSES TO FERTILIZATION
One of the potential problems inherent in using population
numbers or biomass to evaluate the impact of fertilization on the
zooplankton community is that the standing crop of a species is the
result of two processes: production (birth rates, or addition to
the population) and mortality (removal from the population, either
natural or through predation) . Changes in either can impact
zooplankton standing crops.
The periods following the fertilizer applications coincided
with the shad spawning season and the movement of the young-of-the-
year fish into the open water regions of the lake. Thus, predation
pressure on the zooplankton community was presumably increasing at
the same time that the food chain was being stimulated through
fertilization. It was possible that the increased predation might
have acted to obscure any response to fertilization if this were
being evaluated only through numerical (density) responses. In
other words, enhanced productivity might have been incorporated
directly into the expanding predator population, and so not be
reflected in higher standing crops of the zooplankton species.
Physiological indices, on the other hand, should reflect the amount
of resources available to the zooplankton and be independent of
predator-induced mortality.
Because of these factors, the Overton Arm research included a
study of lipid accumulation and egg production in Daphnia. (This
work was initiated before sample analyses revealed that cladocerans
exhibited a clear numerical response to fertilization. The
analyses were not undertaken for other species). Several studies
have clearly shown that improved food conditions lead to an
increase in lipid storage in Daphnia (e.g. Tessier and Goulden
1982). These lipids appear as droplets and can be indexed visually
to provide a semi-quantitative measure of their abundance. In
addition, the ovaries of Daphnia contain considerable quantities of
lipids. Therefore a composite lipid index, summing lipid droplet
and ovary development components, probably provides a realistic
indication of overall lipid content in Daphnia. Following the
methodology of Tessier and Goulden (1982), each component of the
index can range from 0 (no lipids observable, or no ovary
development) to 3 (large quantity of lipid droplets, or mature
ovary). The theoretical maximum value of the composite index is
therefore 6.
Figure 5.9 illustrates the variation in lipid-ovary index for
three Daphnia size classes at one fertilized and one control
station in 1987. Individuals in the smallest size class nearly
always have a high lipid content since they have just emerged from
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the female. The adults, however, exhibited low mean index values
at F-2 prior to fertilization and at control station F-6 throughout
the study period. The increase in lipid storage observed in
Daphnia from the fertilized area was strongly associated with the
increase in algal biomass, as measured by in-vivo fluorescence
(Figure 5.10). Within a few days of the peak in the lipid-ovary
index, the number of eggs per female Daphnia also reached a
maximum; the lipids temporarily stored as droplets had been
converted into new egg material. This peak in egg production was
responsible for the subsequent sharp increase in the population
density of this cladoceran (see Figure 5.7).
Egg production by Daphnia responded similarly in each of the
three fertilization years. Figure 5.11, for example, shows a
synoptic plot of egg ratios in the Overton Arm on three dates
during the 1989 experiment.
5.4 CHLOROPHYLL-ABUNDANCE RELATIONSHIPS; TIME-SERIES ANALYSES
As already indicated in Sections 5.1 and 5.2, examination of
temporal variation in zooplankton abundance revealed a considerable
variety of patterns, few of which showed a distinct "visual"
relationship between the fertilizer-induced algal peak and
population numbers. Relying solely on a visual inspection, Daphnia
exhibited the only obvious association between these two
parameters. One of the factors possibly contributing to this
apparent lack of consistent pattern may have been the different
growth rates of various groups. Cladocerans typically have shorter
generation times than copepods and so would be expected to respond
more quickly to increases in the algal food base. They are also
herbivorous, so forming a direct link with the algae.
In order to make a quantitative evaluation of the association
between chlorophyll levels and the abundance of various zooplankton
species, a form of time series analysis was applied to the data.
The basis of this analysis is as follows. The abundance of a
zooplankton group at any one station and point in time is "paired"
with the 3-day mean chlorophyll concentration at that station for
that day. (The 3-day mean is the average of concentrations on that
day and on the previous two days.) It is then "paired" with the
chlorophyll value for the previous day, and so on until the lag
reaches 20 days. This pairing is done for all stations and all
sampling dates. The end product is a set of abundance and
chlorophyll values for each lag interval. Each set includes all
sampling stations in the Overton Arm, i.e. stations from both
treatment and control areas. A correlation analysis is then
applied to each lag interval data set, and coefficients of
determination (R2) and significance (p) values calculated for each
data set. The resultant R2 values are then plotted against the lag
interval; the range of lag intervals for which the abundance-
chlorophyll correlations are significant (p =< .01) is identified.
5-14
F"2
UJ
U
LJ
CO
o
250
125
0
>:
UJ
Q
Z
>
&.
<
>
O
\
Q.
•o
c
o
250 T F~6
125
-15 -10 -5
Unil
0 5 10 15 20
DAY (reUtivr to 5/30/87)
25 30 35 40
o-t-
LO
LO
LU
I
I
Figure 5.10: Variation in algal fluorescence (solid lines),
lipid-ovary index of adult Daphnia pulex (stippled
lines) and Daphnia qaleata (triangles), and egg
ratio of D. pulex + D. qaleata (dashed lines);
Overton Arm, 1987.
5-15
<.<••
U
lI
Overlo
n
 Arm
Lake
 (lead
.
Dcphnln
 Egg
R
atios
.
26
 hay
.
 1969
Overto
n
 Arm
Lake
 head
.
Dophnia
 Egg
R
atios
.
15
 June
.
 1989
Overto
n
 A
rm
.
Lake
 head
.
Daphnia
 Egg
Ratios
.
26
 Jun
e
 
I9B
9
Figur
e
 
5.11
:
 
Synopti
c
 
distributio
n
 
of
 
D
aphni
a
 
egg
 
r
atio
s
 
o
n
 
thre
e
 date
s
 i
n
 
1989
.
(Fertilize
r
 
w
a
s
 
applied
 
o
n
 
5
,
 8
 
a
nd
 
19
 June)
.
Figures 5.12 - 5.14 summarize the analyses for the 1987 data.
Figure 5.12 shows that the lipid-ovary index of Daphnia was
strongly correlated with chlorophyll concentrations at zero lag
(i.e. the 3-day mmeans for the time the plankton samples were
collected). The strongest correlation between chlorphyll and
Daphnia egg ratios was at a 2-3 day lag. Daphnia abundance was
strongly correlated with chlorophyll concentrations occurring
approximately 8 days previously. These analyses for Daphnia
therefore quantify what has already been observed from simple
parameter plots through time (Figures 5.10 and 5.7).
Nauplii densities were more weakly correlated with chlorophyll
than were those of Daphnia (maximum R2 "= approximately 40%, versus
about 60% for Daphnia) , and the lag was greater. Two groups of
copepodites (Cyclops and Diaptomus) exhibited still weaker
associations with chlorophyll concentrations. A third group of
copepodites, Mesocyclops, showed no significant correlation at all.
Total rotifer densities likewise showed no association with
chlorophyll at any lag, and the correlations with Bosmina densities
were very poor.
Individual analyses for the 1988 data are not shown here.
However, Figure 5.15 summarizes their results by comparison with
the 1987 data set. In this figure, the lag periods in which
significant chlorophyll-abundance correlations were observed are
indicated by horizontal bars. In 1988, there was no association
between nauplii and chlorophyll. The two copepod species
exhibiting significant correlations in 1987 did not show such
associations the following year. Instead, the third species,
Mesocyclops, exhibited an irregular (and weak) relationship with
chlorophyll in 1988. The Daphnia lag in 1988 was somewhat longer
than in 1987, possibly reflecting the earlier fertilization in 1988
and the consequently cooler water temperatures. These would have
acted to reduce growth and maturation rates.
These time series analyses therefore quantify what initial
"visual" inspection of the abundance versus time plots had already
suggested, i.e. that the strongest effect of the fertilization was
on Daphnia. Impacts on some of the remaining categories of the
zooplankton community were weaker, while on others there was
apparently no association at all. Interestingly, one of the groups
that might have been expected to respond most strongly to the pulse
in algal production, the rotifers, showed little impact. This,
however, may in part be a consequence of grouping all rotifer
species together for the analysis.
5.5 ZOOPLANKTON AND PHYTOPIANKTON PRODUCTION RATES
Estimating how much of the algal production pulse actually
finds its way into the zooplankton is of obvious interest in
evaluating the "ecological effectiveness" of this type of short-
term fertilization. Production estimates were made only for
Daphnia in this study. As already noted, this genus exhibited the
strongest effect from fertilization. Its ecology and population
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dynamics are also such as to permit a relatively straight-forward
calculation of production rates.
The egg ratio method of Paloheimo (1974) was used to calculate
Daphnia birth rates, i.e. the number of new individuals entering
the population over a given time. The product of birth rate,
abundance and mean biomass per animal was then plotted against time
and the area under this curve integrated to give production over
selected time intervals (Taylor 1988).
Estimation of in-situ rates of primary (algal) production was
not quite so straight forward since production measurements were
made in the laboratory, not in-lake. The approach taken for the
estimation of in-situ primary production is discussed fully in
Annex 2. Time-weighted production means for pre- and post-
fertilization periods were calculated for each station and each of
the three fertilization years. Table 5.1 presents the resulting
data. In 1987, production by Daphnia represented about 2-6% of the
algal production, with no marked differences in transfer efficiency
occurring between fertilized and non-fertilized conditions.
Efficiencies were lower in 1989 and, especially in 1988.
In deriving the estimates of in-situ primary production, no
accounting was made of whether these represented gross or net
rates. Laboratory experiments have indicated that 24-hour net
production rates are about 50% of the rates estimated from short-
term (2-4 hours) incubations (Vaux and Paulson, unpublished
information) . If this observation is accurate, then primary
production available for incorporation into the zooplankton
community would be one half those values shown in Table 5.1. This,
in turn, would have the effect of doubling the transfer
efficiencies between phytoplankton and Daphnia.
5.6 CONCLUSIONS
Intensive studies of the Overton Arm zooplankton community
have shown that the fertilizer-induced peak in algal production
affected primarily the large cladoceran, Daphnia pulex (and, to a
much lessert extent D. galeata). In terms of numerical abundance,
this cladoceran increased over four-fold as a result of the
fertilizations. The increase began approximately 10 days after
nutrient addition. As with the algal biomass increase, the peak in
Daphnia abundance was relatively short-lived. Daphnia represented
approximately 50% of total zooplankton biomass in this part of Lake
Mead during much of the year. The peaks in Daphnia densities
therefore led to substantial (albeit short-term) increases in total
plankton biomass. Physiological indices (lipid storage and egg
production rates) strongly suggest a direct causal link between the
algal increase and that of Daphnia.
The impacts of fertilization on other components of the
zooplankton community are less clear. Statistically significant
relationships between chlorophyll concentrations and the abundance
of nauplii and some copepodite groups were observed, but patterns
5-22
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Table 5.1: Estimates of production (mg dry weight/mVday) by
phytoplankton and Daphnia spp., Overton Arm, 1987-
1989.
Production (mg dry weight / mVday)
PHYTOPLANKTOM
Time
1987
F-l
F-2
F-3
F-4
F-5
F-6
1988
F-l
F-2
F-3
F-4
F-5a
F-6
1989
F-2W
F-2E
F-4W
F-4E
F-6
F-7
Period* -20
L.E.
1665
1729
1729
2220
2119
1916
1125
1035
1208
1380
1249
1639
788
589
769
806
1189
1403
- -I1
U.E.
2775
2881
2881
3700
3531
3194
1875
1725
2013
2300
2081
2731
1313
981
1281
1344
1981
2338
A Days relative to date of
•
c
L.E.
U.E.
0
L.E
1945
3049
3180
3668
2723
1714
3274
2824
1883
2291
1721
1309
3281
3345
3836
1931
746
469
- 19 20 -
. U.E. L.E.
3244
5081
5300
6113
4538
2856
5456 1230
4706 1800
3138 2006
3819 1965
2869 1391
2181 1106
- 5469 2618
5575 2910
6394 2933
3219 2434
1238
781
40C
U.E.
__._
....
2050
3000
3344
3275
2319
1844
4363
4850
4888
4056
-20 -
30.
74.
106.
52.
36.
26.
4.
8.
5.
4 .
7 .
8.
25.
17.
15.
10.
6.
4.
-I1
3
6
6
7
2
8
0
1
6
4
0
8
8
3
0
9
4
1
DAPHNIA
0 -
71
204
110
103
150
36
19
44
36
17
13
6
53
102
70
21
16
14
19
.0
.3
.7
.9
.1
.6
.7
.4
.6
.3
.6
.9
.4
.7
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.8
.4
.6
20 -
--
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__
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—
8.
13.
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were not necessarily the same between years. Lags involved in
these associations were in the region of 10-12 days. Surprisingly,
total rotifer numbers did not exhibit a strong association with
chlorophyll concentrations in 1987, although there were significant
relationships in 1988. The absence of consistent patterns with the
rotifers may have been a result of combining all species into one
grouping for this analysis, i.e. individual species may have
behaved differently. However, if these generally poor correlations
do accurately represent the rotifer response to fertilization, they
might indicate a reduced impact from the enhanced algal production
on the youngest stages of threadfin shad (the primary target
species of this research). Rotifers are probably one of the more
important food items for the immediate post-yolk sac shad larvae,
Daphnia being too large to be ingested. A boost in the rotifer
population would likely be especially useful to these early stages
if, in fact, they experience poor nutrition.
A comparison of Daphnia and phytoplankton production rates
indicates that the transfer efficiency between these two trophic
levels was between about 5 and 10% (assuming net primary production
was approximately one half that measured during short-term
incubations). These efficiencies are not particularly high when
they are compared to other studies (e.g. Wetzel 1983). However,
any additional incorporation of algae into other components of the
zooplankton community would serve to increase the overall transfer
efficiency between the two trophic levels.
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6.1 INTRODUCTION
The major objectives of this component of the research program
were as follows:
(a) Document temporal and spatial patterns in the abundance
and biomass of larval and juvenile threadfin shad in the
Overton Arm.
(b) Investigate the relationship between larval and juvenile
shad abundance and measures of planktonic productivity.
(c) Estimate seasonal variation in the relative abundance of
larger shad size classes in different regions of the
Overton Arm, with an emphasis on littoral areas.
(d) Attempt to quantify shad growth rates and assess spatial
variation in this parameter.
(e) Analyze shad diets.
6.2 SAMPLING PROTOCOLS
Three methods were used to obtain shad samples (Table 2.2).
Trawling with a i m diameter, 1.8 mm mesh/ ring net collected the
smaller size classes. This method was effective only from early
June through the end of July, by which time the shad were large
enough to avoid the net. Trawls were done at night and were of 6
minutes duration. Usually three replicate tows were made at each
station (this number being reduced to two when very few shad were
being taken) . A flow meter in the mouth of the net permitted
calculation of the volume of water filtered in each tow. Sampling
frequency was approximately biweekly in 1988 and was increased to
weekly in 1989 and 1990. No routine shad collections were made in
1987. In 1990, it was impossible to effectively sample station F-0
as a result of low water levels. Samples were preserved in
formalin (1988) or ethanol (1989 and 1990).
In addition to the meter net trawls, discrete depth samples
were collected by the Nevada Department of Wildlife using a i m 2
Tucker trawl, having the same mesh size as the meter net. This
sampling was not routine. This agency also collected the 1990
trawl samples from the Lower Basin, using a meter net identical to
the one used in the Overton Arm. Since the net used in the Lower
Basin in 1990 had no flow meter, data from the six-minute NDOW
trawls were normalized for volume of water filtered by using the
average volume filtered during six-minute tows in the Overton Arm.
The Arizona Game and Fish Department sampled four stations in the
Colorado Arm at biweekly intervals in 1989 and 1990. (Additional
samples were taken by UNLV in 1988). The same type of meter net
6-1
was used and flow volume was normalized as described above for the
Lower Basin.
Gill net sets were made approximately quarterly with graded
fleets each measuring 100ft or 200 ft in length and 4 ft. in depth.
Although several different fleets were used during the course of
the research, catch per unit effort data presented in this report
are derived only from two net designs, each consisting of a range
of mesh sizes extending from 1/2 or 5/8 inch to 1 inch stretch
mesh. Since shad have no spines, gill nets tend to be very size
selective for this species. The use of these experimental gill
nets was an attempt to reduce this selectivity to a minimum. Nets
were set in late afternoon and raised the following morning.
A final way of obtaining shad samples was through analyses of
angler-caught striped bass stomachs. Shad lengths were either
measured directly or were estimated from gizzard weights using the
regression of Minckley and Paulson (1979).
6-3 ABUNDANCE AND DISTRIBUTION OF LARVAL AND JUVENILE SHAD
Although the meter net sampled only the upper part of the
water column (depth of tow was about 1-2 m), most of the young shad
occurred in this stratum at night (Figure 6.1). Figures 6.2 - 6.5
summarize spatial and temporal patterns of shad abundance at
principal stations, as estimated by meter net trawling. Trends in
biomass were generally very similar to those in density and are not
shown here. Error bars have been omitted from Figures 6.2 - 6.5
for the sake of clarity. The average coefficient of variation of
the mean of three replicate samples was 36% (standard deviation =
30). The complete data set is included in Annex 3. Tables 6.1 and
6.2 present time-weighted mean abundance and biomass values for the
Overton Arm stations, and the abundance data are summarized
graphically in Figure 6.6.
Shad densities were highest in the upper part of the Overton
Arm, particularly at stations F-0 and M-l, close to the inflowing
Virgin and Muddy Rivers, respectively. In the lower part of the
Arm, numbers of young shad were generally low. Relatively high
densities were, however, occasionally recorded from some of the
lower stations, for example F-7 and F-5a in June, 1988. Although
these appeared to be "isolated" peaks in an otherwise low baseline
of shad densities, relative consistency between the replicate
samples on these dates indicated that the observed values were
accurate.
In addition to the higher densities that characterized the
upper stations, Fire and Salt coves on the west side of the Arm
exhibited high shad abundance. The available data suggest that a
significant east-west trend of increasing shad abundance existed in
the upper half of the Overton Arm during the period of this
research (Figure 6.7). The fact that this trend was also observed
in 1990, when no fertilizer was added, suggests an inherent,
natural gradient. The west-side coves, together with the Muddy Arm
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Figure 6.1: Depth distribution of larval and juvenile threadfin
shad at station F-2 in the Overton Arm, 1989.
(Samples collected with 1 m2 Tucker trawl).
6-3
F-1
r<
1,
F-2
100
50
yJV ^^^>""*^f^=
F-3
0
0
H
\
50
25
200
FIRE COVE
1-Jun
SALT COVE
O O1990
11989
X- XI988
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Figure 6.3: Temporal variation in shad densities (as estimated
from meter net trawls) at middle and lower Overton
Arm stations, 1988-1990.
6-5
Inner L.V. Bay
fl
8
0
0
\
120
-c»-o
Outer L.V. Bay
Boulder Basin
O O1990
-«1989
2-Jul2-Aug-XI988
Figure 6.4:Temporal variation in shad densities (as estimated
from meter net trawls) in the Lower Basin of Lake
Mead, 1988-1990.
6-6
Grand Wash
60
30
10
Iceburg Canyon
O-..
0
0
H
\
Gregg Basin
10
1-Jun
Temple Basin
2-Jul
O O1990
• B1989
X- X1988
2-Aug
I
i
DATE
i
Figure 6.5: Temporal variation in shad densities (as estimated
from meter net trawls) in the Colorado Arm of Lake
Mead, 1988-1990.
6-7
r
Table 6.1:Mean densities of threadfin shad in the Overton
Arm, 1988-1990, as estimated from meter net trawls.
Year
Period
Station
F-0
M-l
F-l
F-2W
F-2
F-2E
Salt
Fire
F-3
F-3W
F-3E
F-4
F-4W (Rogers)
F-4E
F-5A
F-6
F-7
1988
6/10 - 7/10
No./lOO m3
29.4
12.9
15.8
4.5
46.6
86.0
15.5
14.3
77.8
48.2
5.1 '
10.3
1989
6/10 - 7/10
No./lOO m3
57.2
12.0
23.6
10.7
9.7
8.7
18.8
40.1
6.8
23.3
3.2
12.0
41.4
4.5
1.6
1.0
1.9
1990
6/5 - 7/10
No./lOO m3
37.3
16.0
12.5
17.3
4.0
12.7
19.9
13.7
4.6
1.4
1.4
0.5
"Samples collected as surface (0-2 m) trawls using aim diameter ring net.
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Table 6 . 2 : Mean biomass of threadf in shad in the Overton Arm,
1988-1990, as estimated from meter net trawls.
Year
Period
Station
F-0
M-l.
F-l
F-2W
F-2
F-2E
Salt
Fire
F-3
F-3W
F-3E
F-4
F-4W (Rogers)
F-4E
F-5A
F-6
F-7
1988
6/10 - 7/10
mg/1003
497
414
570
110
939
1,353
414
536
568
635
244
390
1989
6/10 - 7/10
mg/1003
5,587
338
737
491
368
522
706
2,241
553
955
109
553
1,250
144
164
215
197
1990
6/5 - 7/10
mg/1003
1,384
856
374
715
133
669
1,628
473
140
69
77
20
'Samples collected as surface (0-2 m) trawls using a i m diameter ring net.
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Figure 6 .6 : Mean densities of shad (estimated from meter net
trawls) at stations in the Overton Arm from June
through mid-July, 1988-1990.
(See text for details).
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and the Virgin Bowl (F-0), appear to be the prime shad spawning
areas in the Overton Arm.
Between-year comparison of average shad densities shows no
consistent differences between 1990, when no fertilizer was added,
and the previous two years. While densities in the two west-side ^
coves were lower in 1990 than in 1989 and 1988 (Table 6.1), a
decreasing trend was evident at these stations throughout the three *
years of the sampling program at these stations. These data
strongly suggest, therefore, that fertilization, as undertaken in »
1988 and 1989, did not have a major impact on shad abundance. \, as will be discussed in the following section, shad
densities did show interesting associations with algal biomass. ri
Shad densities exhibited an earlier increase at stations
further north in the Overton Arm, indicating an earlier onset of
spawning in these areas. Water temperatures are typically warmer
in the upper regions of the Overton Arm than at the lower stations
and it is probably this factor that was primarily responsible for
the between-station differences observed in the temporal patterns
of shad abundance.
Shad abundance in the Overton Arm may be compared with other
regions of Lake Mead using Figures 6.4 and 6.5. Densities in the
Colorado Arm were generally low except for the up-lake stations.
The Lower Basin showed considerable inter-annual variation in shad
numbers. Data from 1988 suggest densities were relatively high in
that year, although sample collection was only started towards the
end of June. In 1989, few larval and juvenile shad were taken in
trawls, densities being lower than at many stations in the Overton
Arm. The 1990 year class strength was also weak, although
densities at the Outer Las Vegas Bay station were considerably
higher on one June sampling date than on all others.
6.4 SHAD ABUNDANCE - RESOURCE RELATIONSHIPS
One of the major hypotheses being tested in this study was
that increased algal productivity early in the growing season would
increase shad year class strength, by enhancing survivorship of the
post-yolk sac larvae and juveniles. Thus, the relationship between
algal biomass and shad abundance is of obvious interest.
Because of the time lags that might be involved in any
association between algal and shad abundances, and because of the
possible "pulsed" nature of shad spawning, it was decided that the
only realistic way to treat shad and chlorophyll data for the
purpose of investigating any association would be as averages over
the early part of the growing season. Time-weighted means of shad
density and biomass were therefore calculated for samples collected
between mid June and mid July (Tables 6.1 and 6.2). This period
was chosen because it covers the time from when young-of-the-year
shad first begin to appear at most of the stations, to the point at
which their size seems to make it difficult to sample them in a
representative fashion. Average chlorophyll values (calculated
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from fluorescence data as discussed Section 4.1) were calculated
over a longer period, mid-May through mid-July. The rationale
behind selection of this time interval was that first spawning
probably occurs in the upper region of the Overton Arm around mid-
to late-May. Furthermore, if the amount of food resources were to
be causatively associated with the size of the shad population,
then it would be biologically reasonable to expect some form of
"feeding history" to be involved. In other words, one would not
expect an "instantaneous" shad response to resource levels.
Varying analogous lag periods have been demonstrated for some
components of the zooplankton community (Section 5.4). It can be
noted that extending the chlorophyll averaging period over two
months acts to considerably damp the magnitude of the fertilizer-
induced algal production increases and so tends to make this
analysis conservative. It should also be noted here that this
averaging period differs slightly from the one used by Pelle (1990)
in his analysis of the shad-chlorophyll data. Again/ the present
analysis is somewhat more conservative.
Figure 6.8 and Table 6.3 summarize the chlorophyll-shad
relationships for two fertilization and one control years. Taking
all three years together, there is a weak correlation between log-
transformed shad abundance and chlorophyll (Table 6.3). Analyzing
the 1988 data set on its own, the two parameters are not
significantly associated when all data points are included.
Inspection of the plot in Figure 6.8, however, suggests the
possible existence of two data subsets. One exhibits a slight
positive correlation (p=.008, R2=.72), while the other forms a
group of four outliers above the previous sub-set. Three of the
these four data points represent west-side cove stations (Fire,
Salt and Rogers [F4W]). .The fourth is station F-5a whose average
shad density was influenced by one very high data point (Figure 6.3
and Annex 3). Obviously, too much emphasis must not be placed on
the apparent distinction between these "outliers" and the remaining
stations, but nevertheless some pattern may exist in this data set.
It should be noted that the biweekly sampling of 1988 probably did
not provide as accurate a representation of overall shad densities
as did the weekly sampling of 1989 and 1990.
4 In 1989, a highly significant correlation existed between log
transformed shad abundance and chlorophyll concentrations (Figure
6.8, Table 6.3). The following year, when no fertilization took
place, there was again a significant, albeit weaker, correlation
between the two parameters. Unlike the data from the previous two
years, the 1990 data set was better described when the correlation
analysis was applied to untransformed data (Table 6.3).
t
Correlating mean shad abundance with maximum chlorophyll
concentrations occurring during the mid-May through mid-July
period, rather than mean values as above, produces essentially the
same conclusions as those described above (Table 6.3).
An additional resource that can be examined in relation to
shad abundance is zooplankton productivity. As discussed in
Section 5.3, Daphnia egg ratios are an indicator of productivity,
,, 6-13
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Figure 6.8: Relationship between mean larval/juvenile shad
densities and mean chlorophyll concentrations in
the Overton Arm, 1988-1990.
(See text for details).
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Table 6.3: Correlations between mean resource levels and
abundance of larval/juvenile shad, Overton Arm,
1988-1990.
i
I
Year
88-90
88-90
88
88
89
89
90
90
90
90
88-90
88-90
88
88
89
89
DATA SET
Chlorophyll
In (mean cone. )
In (mean cone. )
In (mean cone. )
In (mean cone. )
In (mean cone. )
In (mean cone. )
In (mean cone. )
In (mean cone. )
Mean cone.
Mean cone.
In (max. cone.)
In (max. cone.)
Daphnia
In (mean egg ratio)
In (mean egg ratio)
In (mean egg ratio)
In (mean egg ratio)
-
Shad
In (mean density)
In (mean bio. )
In (mean density)
In (mean bio. )
In (mean density)
In (mean bio. )
In (mean density)
In (mean bio. )
Mean density
Mean bio.
In (mean density)
In (mean bio. )
In (mean density)
In (mean bio . )
In (mean density)
In (mean bio. )
Siq.'" P R2
** .000 .33
* .029 ,-12
n.s. .580
n.s. .197
** .000 .67
** .000 .68
** .003 .61
n.s. .630
** .000 .85
n.s. .525
** .000 .34
n.s. .091 .07
n.s. .487
n.s. .547
* .018 .337
n.s. .178
N
39
39
12
, 12
15
15
12
12
12
12
39
39
12
12
15
15
111 ** Significant at 1% level
* Significant at 5% level
n.s. Not Significant
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and responded clearly to the fertilizer-induced algal peak.
Correlations of mean shad abundance to mean egg ratios revealed a
weaker association than those observed with chlorophyll
concentrations (Table 6.3). That Daphnia egg ratios did not
correlate as well with shad abundance as did chlorophyll suggests
four possibilities: (a) egg ratios did not accurately represent
abundance of zooplankton as food for shad; (b) phytoplankton
concentration is more influential in determining young shad
abundance; (c) the efficiency of energy conversion between the
zooplankton and shad trophic levels was poor; (d) shad abundance
is not causatively associated with zooplankton production, but
rather is a covariate of some other regulating factor (c.f. Pelle
1990) .
The above analyses have demonstrated some intriguing
associations between chlorophyll concentration and shad abundance
in the Overton Arm. Nevertheless, they do not ascribe causality to
the resource levels; the correlations may be spurious, especially
since the fertilizations apparently tended to exagerate existing
natural gradients in (algal) resource levels. For example, young-
of-the-year shad abundance might be determined by availability of
spawning sites and the distribution of the latter might be
superimposed on the natural/fertilizer-augmented productivity
gradients. In an attempt to factor out geographic from
chlorophyll-related factors, Pelle (1990) used a model which
incorporated both north-south and east-west position components as
well as chlorophyll. The basic form of this model was:
S = [Chi] + [Dist] -i- [Pos]
The variable [Dist], the north-south factor, is the distance to
each station from the inflow of the Virgin River; distance from the
Muddy River inflow was used for station M-l. This factor was
included in the model to determine if young shad abundance might be
correlated with proximity to inflow for reasons other than resource
availability. The variable [Pos] is the east-west factor (the
levels being West, Mid-channel and East side). This factor was
included to detect variance in young shad abundance across the
Overton Arm that could not be explained by resource availability.
The General Linear Models procedure (for unbalanced designs) in
Minitab (1989) was used to test the model, with [Chi] and [Dist] as
covariates and [Pos] as a fixed effect. The data were ranked to
provide nonparametric tests, as variance was not homogeneous
between the [Pos] elements. The effects were assumed to be
additive. Interaction terms could not be included as there were
empty cells in the experimental design.
Table 6.4 summarizes the output of this geographic-resource
model. In 1988, the east-west [Pos] effect was the dominant factor
for both density and biomass runs. The chlorophyll effect was not
significant in this year. Both [Pos] and [Dist] effects in 1989
were insignificant for both density and biomass. Variation in
chlorophyll (with geographical variation removed) was the strongest
correlate in 1989, even though it was insignificant at the 5%
level.
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Table 6.4: Analysis of variance summary for shad abundance
models with geographic factors.
(See text for details).
SHAD FACTORS (p values)
YEAR ABUND. Pos Dist Chla
1988 Density 0.010 0.725 0.121
1988 Biomass 0.011 0.965 0.276
1989 Density 0.491 0.648 0.053
1989 Biomass 0.651 0.622 0.117
I
I
1
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6.5 RELATIVE ABUNDANCE OF THE ADULT SHAD POPULATION; GILL NET
SAMPLES
As suggested above, one of the factors influencing the spatial
distribution of larval and juvenile shad might simply be the
distribution of the spawning population. While the research
program did not attempt to quantify spatial variation in spawning
intensity, gill nets were used to sample the larger shad size
classes at various littoral stations in the Overton Arm. This
sampling extended from the fall of 1988 through the beginning of
1990. Figure 6.9 provides a summary of the catch rates, expressed
as number of shad per 100 ft. of net equivalent to 400 ft2 of hung
net. Catch rates were highest from May through November. Highest
estimates of relative abundance were obtained from the west-side
coves and the regions close to the inflowing Muddy and Virgin
Rivers. (Note the one sampling date at station F-6W [October,
1988], however, when unusually high numbers were taken).
While shad was the most abundant species in the experimental
gill net catches, young-of-the-year striped bass and, to a lesser
extent channel catfish, were also taken (Table 6.5). Sampling in
the fall of 1988 revealed striking differences between the species
composition of east-side and west-side coves. Striped bass were
more abundant on the east side, -where they represented
approximately one half of the gill net captures. In west-side
coves, and at the northernmost end of the Overton Arm, shad
comprised the majority of the catches, with striped bass being
relatively uncommon. This pattern was not repeated in the late-
summer / fall sampling of the following year. However, catch rates
at most of the east-side coves were lower in 1989 than in 1988,
perhaps obscuring any patterns present.
Patterns in the relative abundance of the older shad size
classes in the Overton Arm generally mirrored those of the larval
and juvenile groups as determined by trawling (Section 6.3). This
suggests that a factor (perhaps a major one) in the distribution of
the younger size classes was simply the concentration of spawning
adults. If this is true, then the pattern happens to be
superimposed on natural or fertilizer-enhanced gradients of algal
productivity. There is the possibility that this association is a
causal one, i.e. that the older shad are responding to resource
levels. On the other hand, they may also be responding to other
factors, such as the availability of spawning sites. A further
factor influencing the spatial distribution of shad may be
predation by striped bass. As noted above, young-of-the-year
stipers were considerably more abundant in gill net catches from
east-side coves in 1988 and the distribution of the larger striper
size classes may well have been similar. Furthermore, east-side
coves typically exhibit greater water transparency than those on
the west-side, which might increase the susceptibility of shad to
striper predation. Cove morphometry and the prevailing southerly
winds are probably the major factor influencing relative turbidity
levels. Zooplankton community composition may be an additional
factor contributing to east-west side differences in water
transparency. In the fall of 1988, densities of the large
6-18
150
I
I
!
MUD
MEADOWS
0
GLORY
10V
50
n k _^t
160—
100
50 --
0
LJME
F6-WEST
60
•
O O F A J A D D
88 89 90
Figure 6 . 9 : Spatial and temporal patterns in gill net captures
of threadfin shad in the Overton Arm, 1988-1990.
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AreaStation
Sept. 88 - Jan. 89
I by number
Shad Striped Misc. N
Bass
March - July 89
% by number
Shad Striped Misc.
Bass
August 89 - Jan. 90
% by number
Shad Striped Misc. N
Bass
North End
M-l
F-0
Mud
Bark
100
100
95
93
0 9
0 1
1 607
1 390
96
98
100
0
1
0
0
0
4 112
2 155
0 34
0 0
100
99
99
0
0
0
0
0
0 460
1 878
1 87
0 0
East Side
Meadows (2E)
Glory (3E)
Kline
Lime (4E)
Quail
F-6B
67
63
0
49
33
50
33
36
100
51
67
50
0
1
0
0
0
0
3
81
10
225
12
4
57
0
0
94
0
100
43
0
0
7
0
0
0
0
0
0
0
0
7
0
0
31
0
3
100
100
0
100
0
0
0
0
0
0
0
0
0
0
0
0
0
0
37
111
0
1
0
0
West Side
Salt
Fire
Rogers (4W)
Calico
F-6W
99
98
95
81
99
1
1
4
18
1
0
1
1
1
1
277
787
401
349
210
100
58
98
0
0
0
33
2
0
0
0
8
0
0
0
9
24
827
0
0
100
100
100
0
100
0
0
0
0
0
0
0
0
0
0
74
2687
135
0
2
Table 6.5: Species composition of Overton Arm gill-net samples, by area and date, 1988-1989,
fifTt i"~"*l
cladoceran, Daphnia pulex, were considerably higher in the east-
side than in the west-side coves, probably as a result of reduced
predation pressure from the less abundant shad population (c.f.
Brooks and Dodson, 1965). In addition to being more susceptible to
fish predation than are the smaller species/ large cladocerans are
frequently more efficient grazers of phytoplankton, and thus tend
to increase water clarity by reducing algal standing crops.
The population size structure of striped bass may have been a
further factor impacting temporal and spatial patterns of shad
abundance. Gill net-estimated shad densities in west-side coves in
1989 were between 25% and 50% of those in 1988 (Figure 6.9). As
will be discussed in Section 7, the relative number of juvenile
striped bass in the 1989 population was about twice that of the
previous year. Since younger striped bass have a broader thermal
tolerance, they are able to forage more efficiently in the
shallower, warmer coves than are the adults. Thus, higher numbers
of juvenile striped bass suggest increased predation risk to shad
in the cove areas. The 1988-1989 gill net data support this
hypothesis.
6.6 SIZE STRUCTURE OF THE SHAD POPULATION
Documenting the overall size structure of the shad population
is difficult since various methods have to be used for sampling
younger and older age classes. This section presents information
on shad size frequency distributions obtained from three sources:
(a) trawls, (b) gill nets, and (c) striped bass diets.
6.6.1 Trawl Samples
While many of the trawl samples were too sparse to permit the
construction of useful size frequency distributions, some did
contain sufficient fish. Figure 6.10 is an example of a time
sequence of these distributions from the F2W-F2-F2E transect of
stations in 1989 and 1990. In 1990, modal total lengths increased
from about 10 mm at the beginning of the trawling season, to about
22 mm four weeks later. After this time, the mode appeared to
decrease, although sample sizes were lower at this time, making it
difficult to construct reliable ,distributions. In 1989, modal
progressions at these (and other) stations were not
distinguishable. Figure 6.11 summarizes mean total lengths of shad
in the 1989 and 1990 trawl samples. Greatest temporal variation in
the size structure of the trawlable shad population was observed in
Fire (and Salt) coves, presumably as a result of successive
spawning "waves" recruiting into the population.
The degree to which the series of size frequency distributions
from the trawl samples reflects shad growth is somewhat unclear.
Population size structure is presumably affected by both continuing
recruitment and predation. Furthermore, length distributions are
also probably influenced to some extent by the sampling procedure.
While predation by striped bass does appear to be size selective to
some degree (see section 6.6.3), it seems unlikely that this
6-21
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
12 JUNE
5 10 15 20 25 30 35 40
12 JUNE
5 10 IS 20 25 30 35 40
25-26 JUNE
5 10 IS 20 25 30 35 40
26 JUNE
5 10 15 20 25 30 35 40
03 JULY
5 10 15 20 25 30 35 40
02 JULY
5 10 15 20 25 30 35 40 .
£ 4
09 JULY
5 10 15 20 25 30 35 40
. H. . ( mm )
2E
F-2
2W
09 JULY
S 10 15 20 25 30 35 40
T - ( mm )
Figure 6.10: Size frequency distributions of shad obtained from
meter net trawls at the 2W-F2-2E station transect
in the Overton Arm, 1989 and 1990.
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Figure 6.11: Variation in mean length of shad in meter net
trawls, 1988-1990.
(1988: open diamonds; 1989: solid squares; 1990:
asterisks).
6-23
...
predator would exert sufficient selectivity to influence modal
lengths of the trawl samples; the size range involved is quite
narrow. Continued recruitment into the trawlable population would
act to reduce sample mean lengths. However, with relatively
ordered size structures, such as the ones for the F-2 transect in
1990, newly recruited individuals should be distinguishable from
the older fish. In terms of the influence of gear selectivity, the
meter net took few fish over 30 mm total length (although this gear
is capable of capturing larger individuals when population
densities are higher, such as in the Las Vegas Bay [Paulson and
Vaux, unpublished information; J. Hutchings, NDOW, personal
communication]). Nevertheless, within the size range represented
by the 1990 "cohort" in Figure 6.10, for example, it seems less
likely that gear selectivity was an important factor, especially in
view of the relatively normal shape of the distributions.
Using the distributions presented in Figure 6.10, therefore,
the young shad appear to grow by about 10 mm over the 4 week period
from early June. If this rate is typical of the period from June
through the end of September, then young-of-the-year shad would
reach a length of 40-50 mm by the end of their first summer.
6.6.2 Gill Net Samples
Figure 6.12 illustrates a series of size frequency
distributions of samples obtained from Fire Cove. Distributions
obtained from other stations with sufficiently large sample sizes
were similar. Gear selectivity is a potential problem with gill
net data. However, the design of the nets used in the collection
of these samples, together with the observation that modal lengths
progress "through" troughs, suggest that these data do provide an
accurate picture of the shad population structure, at least within
the 60-120 mm size range.
In the fall of 1988, the Fire Cove population was apparently
trimodal, with peaks at about 85, 100 and 115 mm total length. The
following July, the population was unimodal, with an average length
of approximately 75 mm. The reason for this decrease is unclear.
Two months later, the 75 mm mode had increased by less than 10 mm.
A second mode was now apparent at about 65 mm. If the
distributions in Figure 6.12 accurately represent different year
classes, then the data suggest rather low growth rates of about 20
mm/year for the shad above 60 mm total length in these samples.
The 65 mm mode present in September, 1989, would be age 1+ fish,
these individuals having reached 40-50 mm by the end of their first
year (see discussion of trawl samples, above).
6.6.3 Samples obtained from Striped Bass Diets
Estimates of shad population size structure obtained from
striped bass diets probably offer lower resolution since a majority
of the shad lengths had to be estimated from gizzard weights,
introducing a source of methodological error. Furthermore, prey
(shad) size seems to be a function of predator size (striped bass).
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Figure 6.12: Size frequency distributions of shad sampled with
experimental gill nets, Fire Cove, 1988-1989.
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For example, data from the Overton Arm in September 1988 (Figure
6.13) show that the largest striped bass size group took shad that
were about 10 mm longer, on average, than those present in the
smallest size group. This pattern did not, however, apply to all
sampling dates.
Despite these restrictions, the striper-based data make an
interesting comparison with the gill net data base. Focusing on
the 1989 Overton Arm data set, the modal size of shad in striper
diets in June was somewhere within the 30-40 mm size categories.
Based on the analyses described above, this would represent the
previous year's production. By October, this "cohort's" modal
length had apparently increased to the 60 mm size category. This
coincides with the Fire Cove samples obtained with gill nets
(Figure 6 .12) .
Young-of-the-year shad appeared as a minor component in
striped bass diets beginning in June. By September and October,
this age group was represented by an apparent mode in the 30 mm
size category, its distribution overlapping (in the striper data
set) with that of the age 1+ fish. Field observations suggest that
the primary predators on young-of-the-year shad are the age 1 +
striped bass. These fish appear to feed on the young shad by
"slurping" at the surface, a behavior confirmed by examination of
gut contents (L. Paulson, personal observation). Age 1+ striped
bass rarely occur in NDOW creel samples, hence the poor
representation of young-of-the-year shad in Figures 6.13 to 6.14.
Comparison of the 1989 Overton Arm data set with those from
1988 and from both years in the Lower Basin (Figures 6.13 - 6.15),
illustrate the between-year and between-area differences in the
size of the shad that were being taken by striped bass. Age i+
fish in these latter sequences appear to have reached at least 80
mm in their second year, as opposed to the 60+ mm observed in the
Overton Arm in 1989.
6.7 SHAD DIETS
The primary hypothesis of this research was that increased
plankton production would benefit the youngest stages of threadfin
shad. Therefore, diet analyses of larval and juvenile shad were
undertaken in an attempt to document transfer of the production
increase into this trophic level. This effort was, however,
largely unsuccessful for the primary reason that a majority of the
shad had empty guts. This, combined with the low numbers of fish
captured at many of the stations, meant that it was impossible to
derive sufficiently detailed data to adequately demonstrate
temporal and spatial trends in feeding habits.
Figures 6.16 - 6.18, however, illustrate the available data
base. Data have been pooled for the June-July sampling period in
order to provide adequate sample sizes. From inspection of the raw
data, there were no obvious between-date, within-station
differences in diet compositions during this period. Fish were
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Figure 6.13: Size frequency distributions of threadfin shad in
stomachs of four striped bass size classes, Overton
Arm, 1988-1989.
(Numbers in each size interval have been normalized
to 100 striped bass stomachs. See text for
.details).
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Figure 6.14: Size frequency distributions of threadfin shad in
stomachs of four striped bass size classes, Lower
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Figure 6.16: Gut fullness indices for larval and Juvenile
threadfin shad at various stations in the Overton
Arm, 1989.
(Data are for pooled samples for June to mid-July
period. Index values range from 0 [empty] to 3
[full]; see text for details).
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visually assigned a gut fullness index, ranging from 0 (empty) to
3 (full). At the stations depicted in Figure 6.16, between 20% and
88% of fish had empty guts. At other stations, frequently 100% of
the fish had empty guts, although available sample sizes were often
quite low. No obvious patterns were apparent relating the
incidence of empty guts to between-station differences in resource
levels. The possibility of the sample preservative inducing
regurgitation of gut contents was investigated by comparing samples
that had been frozen fresh with those that had been preserved with
alcohol or formalin. Preseravation did not appear to have any
significant effect, since empty guts were similarly common in
frozen fish. The reason for the scarcity of food in shad guts in
therefore unclear, but is of interest in terms of the resource
level-shad abundance questions.
The samples that did contain food showed that the young shad
were feeding on a variety of items, as illustrated in Figures 6.17
and 6.18. Quantification of the relative volumes of the different
food items was not attempted in view of the small size of the fish
and the fragmented nature of much of the food. As has been
described in previous sections, phytoplankton, Daphnia and, to a
lesser extent, copepods, were the plankton components that showed
the greatest response to fertilizer applications. All three items
were important components in shad diets, suggesting that the
productivity increases could have been utilized by the shad. As
noted above, however, the data do not permit an adequate
documentation of specific feeding responses by shad to the
productivity increases.
6.8 DISCUSSION AND CONCLUSIONS
Although enhancement of the game fisheries was the ultimate
objective of this research program, threadfin shad was the primary
target species in view of its central forage role in Lake Mead.
Densities of young-of-the-year shad in 1990, when no fertilizer was
added, were broadly similar to those observed during the
fertilization years (1988 and 1989). Nevertheless, some stations,
particularly west-side coves, exhibited significantly lower
densities in 1990, relative to the previous two years. The
principal conclusion to be drawn from this observation is that
fertilization, as undertaken in the present research program, did
not result in an increase in shad abundance that was measureable
given the time frame of this study.
I
Nevertheless, a number of interesting correlations were
observed between algal biomass, as measured by chlorophyll
concentrations, and young-of-the-year shad abundance (as estimated
by trawling). The pooled three-year data set showed a weak
correlation between chlorophyll and shad densities, but did not
with shad biomass. When analyzed separately, the 1988 data set
showed no significant relationships, although some pattern was
evident if west-side coves were treated as outliers. In contrast,
data from both 1989 and 1990 produced significant positive
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relationships between shad densities and chlorophyll
concentrations.
The existence of any causality underlying these positive
associations is unclear, but is nevertheless of particular interest
in view of the relatively small increases in mean chlorophyll
levels observed during the study. With the 1990 data set, for
example, the chlorophyll-shad density relationship showed that as
chlorophyll increased by just 1.6 ug/1, average shad densities
increased from almost zero to over 35 individuals / 100 m3. In
other words, if increased algal biomass does actually lead to more
shad, then a relatively large return can be obtained from a small
increase in chlorophyll.
Nevertheless, it is clear from comparing shad densities over
the 1988-1990 period that any positive effect that resource levels
might have had on shad population size would probably have been
overshadowed by inherent inter-annual variation in shad abundance.
Thus, a multi-year research program would be needed to separate
natural from fertilizer-induced variation.
It is possible that patterns in shad abundance reflect other
factors, such as the availability of spawning sites or predation
pressure by striped bass. Gill net captures suggest that adult
shad were more abundant in those areas that also exhibited higher
densities of larvae and juveniles. Limited data also suggest that
the broad east-west trends in shad abundance may be the inverse of
those shown by striped bass (the young age classes, at least). It
is, of course, probable that multiple factors control the abundance
of threadfin shad in the Overton Arm. As already noted, however,
the present research did not demonstrate an overwhelming influence
on productivity (as measured by average algal abundance) during the
May-July period.
From one of the longest data bases available for shad in
Colorado River reservoirs, Gustaveson et al. (1989) have suggested
that shad in Lake Powell undergo (or, at least, used to undergo) a
three-year cycle in abundance. Their data show clear density peaks
in 1978, 1981 and 1984. No peaks were observed in 1987 (or 1988),
however, suggesting that the population may now be too low to
recover from the "troughs" under current conditions in Lake Powell.
Gustaveson et al. (1989) suggest that both the apparent three-year
cycle and the contemporary low densities are driven by predation
from striped bass. Section 8 provides additional discussion of
this topic.
Length frequency analyses conducted on trawl, gill net and
striped bass diet samples, suggest that shad reach lengths of about
40 mm in their first year. " This is similar to growth rate
estimates derived from the Lower Basin in the 1970's (Deacon et al.
1972). Growth rates of older fish are less clearly defined. Data
from the Overton Arm in 1989 indicate shad reach only about 65 mm
in their second year, whereas information from the same region in
1988 and from the Lower Basin in both years, suggests a greater
length (about 80 mm) is attained. It is uncertain whether this
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difference reflects a real difference in growth rates or, rather,
that the larger size classes were for some reason being under-
represented in the 1989 Overton Arm samples. Attempts were made
during this research program to read shad scales, as has been done
apparently successfully for shad in some Arizona reservoirs
(Johnson 1970). No annuli are apparent on shad scales from Lake
Mead, however.
Perhaps the most striking aspect of the juvenile shad diet
data was the high frequency of empty guts. It is unclear whether
or not this observation might be related to nutritional condition
of the shad. If it is, then the "food environment" of the young-
of-the-year shad (the amount and quality of food available per
individual fish) would not appear to be substantially different
between upper and lower Overton Arm stations, since empty guts were
common in all regions. While diet analyses were inconclusive in
terms of demonstrating the transfer of fertilizer-induced plankton
production into shad, the available data do demonstrate a
plasticity in the diets of larvae and juveniles that would have
allowed them to use this resource increase.
i
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7.1 INTRODUCTION
One of the principal reasons for attempting to enhance the
shad population of the Overton Arm through artificial fertilization
was to provide more forage for striped bass and thus to improve the
condition of this game fish species, particularly during the summer
months. The primary means of assessing the impact of fertilization
on the striped bass population, therefore, was to monitor condition
factors. Data were obtained through NDOW creel surveys and from
UNLV angler-caught fish. In addition, striped bass stomachs were
analyzed to investigate spatial and temporal variations in the
contribution of shad to the game fish diets. Finally, between-year
variations in the size structure of the striped bass population
were investigated and an attempt made to relate these to the
condition of the population.
7.2 CONDITION FACTORS
In order to adequately examine the condition factors of
striped bass during the period covered by this research program, it
was necessary to compare the data with historical values in Lake
Mead. It was also necessary to control for striper size class and
time of the year, since condition is a natural correlate of both
parameters. The available data were therefore grouped into 100 mm
F.L. size classes and into the following five "seasons": January-
April; May-June; July-August; September-October and November-
December. Data were also grouped according to area of capture:
Overton Arm or the Lower Basin. No attempt was made to group the
data by sex since the relevant data are unavailable for most years
of the data set.
Figure 7.1 presents an example of mean condition factors for
each time period, together with their respective standard
deviations, in order to illustrate the variation characteristic in
these data. For clarity, however, presentation of the complete
data base (Figure 7.2) includes mean values only, omitting error
bars. Figure 7.3 presents a summary of lake-wide average
condition factors for three striper size classes.
The general decrease in condition factors in the late 1970's
was followed by at least two subsequent peaks, the first in 1981
and the second coinciding with the first two years of the
fertilization project (1987-88). Data from the intervening years
are insufficient to permit a full analysis. Although the increase
in condition of Overton Arm striped bass during the first year of
fertilizer application was impressive, a similar increase occurred
in the Lower Basin. For some age classes, condition in the
Overton Arm was higher than in the Lower Basin at this time. This
was in contrast to the general trend from 1977 onwards, where Lower
Basin fish have exhibited somewhat better condition than those from
the Overton Arm (Figure 7.4).
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Figure 7.1: Condition factors of 400-499 nun F.L. striped bass
in the Overton Arm, expressed as means, ± one
standard deviation, for each time period.
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Figure 7.2: Variation in mean condition factors of four size
classes of striped bass, Overton Arm and Lower
Basin of Lake Mead, 1977-1990.
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In late 1988, condition factors began to decrease and, by
1990, they had reached values that were about 0.3 units lower than
their peak values. Fishermen were once again complaining about the
starving stripers, particularly the adult fish. All size classes,
however, with the exception of fish less than 300 mm F.L., showed
a similar drop in condition (Figure 7.2). Furthermore, the low
values reached in 1989 were no worse than those experienced in
previous "troughs" and, for the 400 mm size class, were actually
somewhat better than the values that occurred before and after the
1981 condition peak.
The reasons why striped bass condition undergoes the sort of
variation depicted in Figure 7.2 is inconclusive, although
fluctuations in the shad population size must be a major factor.
Adult striped bass exhibit a well-known intolerance of warmer
waters (Coutant 1986), restricting their access to the epilimnetic
shad populations. However, in some years (for- example 1987), the
larger striped bass were obviously able to feed on sufficient shad
to raise their overall condition. Field observations, in 1989
suggest that this ability of the adults to feed on shad may be
additionally restricted by interaction between juvenile and adult
stripers when the former are abundant in the population. In June -
August, 1989, adult striped bass were taken from areas in the
Overton Arm where echosounding indicated the presence of relatively
dense shad populations. These large stripers, however, were
frequently empty (and in poor condition). The younger size
classes, on the other hand, were often feeding on shad. It
appeared as though the younger fish were out-competing the adults
for the available food.
In an attempt to further investigate the influence of
population size structure on the condition of the larger striped
bass size classes, the NDOW data base was examined for correlations
between the proportion of juvenile stripers (<300 mm F.L.) in the
angler-caught population and the condition of the older age groups.
Only data from May through December of each year were used, since
shad are infrequent components in stiped bass diets during the
winter months.
Figure 7.5 illustrates the proportion of small stripers in the
angler-caught population from 1977 through 1989. One obvious
problem with this data set is that fishermen no doubt often reject
small stripers, thus producing an under-representation of this
group in the creel. This source of error makes the analysis more
conservative, however. Young fish were particularly well
represented in the population in 1979, 1985 and 1989. In the first
year of fertilization (1987), when condition factors of stiped bass
were high, small fish were scarce and the population consisted of
a strong, well defined age class.
Figure 7.6 presents scatter plots of the condition of two
striped bass size classes versus the percent of small stripers in
the creel. Although there is considerble scatter, the data do
suggest a possible pattern. Periods when there is a higher
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YEAR
Figure 7.5: Proportion of individuals measuring less than 300
mm F.L. in the angler-caught striped bass
population of Lake Mead.
(Data represent averages for May-December periods,
all areas combined).
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proportion of young individuals in the population tend to be
characterized by low condition in the older striped bass. This
analysis therefore lends tentative support to the hypothesis of
some form of competitive interaction between striped bass age
groups.
7.3 FOOD HABITS OF STRIPED BASS
Although shad dominate the diets of striped bass in Lake Mead,
they are still a seasonal food item. In winter months, stripers
frequently contain other items, such as crayfish and zooplankton,
as illustrated by the data in Figure 7.7. Shad are typically most
common in striper stomachs from July through December. The
frequency with which shad were encountered in Overton Arm striper
stomachs exhibited a general downward trend during the three years
of this study (Figure 7.8). This trend was particularly sharp for
the larger of the size classes depicted in Figure 7.8. Fewer data
from the Lower Basin make it difficult to be certain if a similar
trend existed in this part of the lake.
The decreasing amount of shad being taken by striped bass
during this period is further illustrated by Figures 7.9 and 7.10
which summarizes the average volume of shad in the stomachs of four
striper size classes. Not surprisingly/ larger fish generally
contained larger volumes of food, about 10-20 ml in the case of the
500 and 600 mm size classes from the Overton Arm in 1987. By 1989,
however, Overton Arm fish were containing considerably smaller
quantities of food. The decrease in volume was especially severe
with the older size classes; for fish smaller than 400 mm, the
average food volume decreased by approximately 50% between 1987 and
1989, whereas for the 600 mm size class the decrease was at least
90%. In the Lower Basin, average food volumes in 1988 were
somewhat higher than in the Overton Arm. The following year,
however, striped bass were taking almost no shad until September.
This may reflect the poor shad year class strength in that year, as
discussed in Section 6.3. After September, the stripers appeared
to be feeding primarily on the previous year's cohort (c.f. Figure
6.14) .
7.4 GROWTH RATES
Estimation of striped bass growth rates using scale readings
were attempted during this study but considerable problems were
encountered both in defining annular markings and in attaining
consistent readings. Size frequency distributions, using data from
the NDOW creel, were therefore examined to determine their
suitability for measuring striper growth rates. (NDOW has
subsequently carried out a number of scale analyses and derived
similar growth rate estimates as those presented here). An example
of these distributions is presented in Figure 7.11. Average
lengths in each of the identifiable cohorts were calculated and
plotted against time (Figure 7.12). Prior to 1987, there were
insufficient data to construct useful size distribution series.
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Figure 7.8: Temporal variation in proportion of angler-caught
striped bass containing shad, Overton Arm and Lower
Basin of Lake Mead, 1987-1989.
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Figure 7.9: Temporal variation in average volume of food items
contained in four size classes of angler-caught
striped bass from the Overton Arm, 1987-1989.
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Overton Arm fish apparently grew at a slower rate than those
from the.Lower Basin in both 1987.and 1988. Fish that were 400 mm
at the beginning of the growing season (the 1984 year class)
reached about 450 mm by the end of the year in the Overton Arm,
whereas they had attained 500 mm in the Lower Basin. Faster growth
rates appeared to characterize the period from August through
December, relative to the previous seven months. This observation
coincides with the increased incidence of shad in striped bass
stomachs from August onwards (Figures 7.7 and 7.8).
7.5 DISCUSSION AND CONCLUSIONS
Although there was a substantial improvement in striped bass
condition during the first two years of fertilizer application,
this improvement did not persist into 1989. Furthermore, detailed
analyses of the lake-wide data base demonstrate that the increase
in condition factors observed in the Overton Arm was part of a
lake-wide trend at that time. While the condition of young striped
bass (<400 mm F.L.) was higher in the Overton Arm than in the Lower
Basin, values for the older age groups were similar in both areas.
For all size classes condition factors in the 1989 "trough" were no
worse than those that occurred immediately before and after the
previous major peak in condition factors (1981). Analysis of the
historical (post-1977) data base indicates that, in general, the
condition of Lower Basin striped bass has tended to be slightly
higher than that of Overton Arm fish.
The possible interaction between adult and juvenile striped
bass is of interest in view of the observation that adult fish
exhibited a more drastic decrease in food volume in 1989 than did
the younger age groups. The striper population in 1989 contained
a relatively high proportion of juveniles. Using the historical
data base of angler-caught fish to examine the relationship between
population size structure and condition of the older fish indicates
a weak association between the two parameters, perhaps suggesting
some form of competition between the two age groups. Presumably
because of their greater tolerance for elevated temperatures,
juveniles are able to exert a disproportionate predatory impact on
the shad population during summer months. It is unclear, however,
whether this competition is mediated solely through reduction in
the shad population, or whether there is some other form of
interference competition occurring.
Previous studies of striped bass diets in Lake Mead (Wilde and
Paulson 1989) and in other systems (e.g. Persons and Bulkley, 1982;
Morris and Follis, 1978; Stevens, 1958; Matthews et al., 1988) have
demonstrated a similar focus on shad as the primary food source.
In some situations, striped bass switch to other food sources when
shad densities are reduced to low levels. In Lake Mead, for
example, rainbow trout and crayfish were utilized by striped bass
when shad populations declined in the mid- to late 1970's (Baker
and Paulson, 1983). In the Central Arizona Project Canal, striped
bass have also exhibited considerable flexibility in feeding habits
as the shad population has decreased (G. Mueller, USER, personal
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communication). However, in other systems, for example Lake Texoma
(Matthews et al. 1988) and the Santee-Cooper Reservoir (Stevens
1979), striped bass starved rather than switch to other prey
species, even though the latter appeared to be plentiful. The
failure of striped bass in these latter systems to switch to
alternate prey is reminiscint of the failure of adults in the 1989
Lake Mead population to feed on shad, even though prey was present.
It is unclear why striped bass at times exhibit these very
restrictive feeding behaviors.
The between-year differences in food volumes observed during
this research program are similar to those observed during a 1981-
82 study of striped bass feeding ecology (Wilde and Paulson 1989).
For the period July-August, the average volume of food in subadult
striped bass decreased from 12.6 ml in 1981, to 3.8 ml in the
following year. As discussed in Section 7.2, there was a
corresponding decrease in condition factor of all size classes
during the second half of 1982 (Figure 7.2). Both observations
presumably reflect reduced shad availability per individual striped
bass in 1982, relative to 1981.
7-22
1Q . COFTCmP 31 NG PI SCO SSI 01ST
Ecological principles suggest that increases in production at
the base of a food chain will, to some degree, be propagated to
higher trophic levels. Thus it is reasonable to conclude that, in
the present research program, some of the fertilizer-induced algal
production eventually ended up as "additional" biomass in the fish
populations.
This conclusion, however, is quite different from assuming
that the increases in plankton production, as a result of
fertilization, had a significant impact on shad year class
strength. The primary conclusion from this research program is
that fertilization, as undertaken, did not impact shad population
size in any way that was measurable over the time period involved.
The various associations observed between resource levels and the
densities of larval and juvenile shad are reminiscent of the
resource-fish abundance relationships that have been demonstrated
for various lakes and reservoirs elsewhere. There is no reason,
a priori, to suppose that any causal association between resource
levels and fish abundance would necessarily produce the same result
(e.g. same regression slope or intercept) in different years.
Resource levels might combine with other factors, such as the size
of the spawning population or predation pressure, to produce the
trend observed in any one year. Nevertheless, the patterns
observed in Lake Mead clearly were not strong enough to be directly
attributable to fertilization.
There are three broad explanations for why stimulation of the
food chain early on in the growing season did not produce a
measurable impact on shad population size. First, the net increase
in resources produced by artificial fertilization may not have been
large enough to have had a significant impact on shad, given the
transfer efficiencies between differenct trophic levels. For
example, in their study of southern Appalachian reservoirs, Yurk
and Ney (1989) demonstrated a ten-fold increase in fish standing
crop as average total phosphorus concentrations increased from less
than 10 jjg/1 to over 100 pg/1. The present research project
involved an increase of less than 20 A/g/1 total phosphorus, and
this over a relatively short time period.
A second possible explanation, also implying an insufficient
boost to resource levels, is that nutrient enhancement in this
project was maintained for too short a time, i.e. that it was
essentially a one-time pulse, relatively early on in the growing
season. As between-station comparisons of one- or two-month mean
chlorophyll levels clearly indicate, the magnitude of the short-
term production increase was substantially reduced when viewed on
a longer-term basis. In other systems that have been subjected to
artificial fertilization, fertilizer has typically been applied
throughout the growing season in order to provide a longer-term
increase in plankton production (e.g. Stockner et al. 1980,
LeBrasseur et al. 1978, Mills 1985, Koenings and Burkett 1987, and
numerous aquaculture-directed research programs).
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A more continuous, lower level, fertilization of the Overton
Arm would be feasible through about mid-July, if barges were used
for the applications. Inception of nitrogen limitation later on in
the growing season, however, would necessitate the addition of
impractically large amounts of nitrogen fertilizer to maintain the
nitrogen : phosphorus ratios essential for plant growth. An
extended, lower level, fertilization of the Overton Arm would
probably also make it more difficult to clearly demonstrate the
influence of nutrient enhancement on the food chain. During the
present project, a relatively strong pulse in algal production
could be followed into other plankton components. This would be
much more difficult to do with an extended, lower level enhancement
of productivity.
While the present research program was designed with
logistical and limnological considerations in mind, the primary
reason for selecting this application schedule was the hypothesis
that shad year class strength was influenced by the nutritional
environment of the larval and juvenile fish. Since most spawning
appears to take place from mid-May through mid-June, this would
therefore be the time to stimulate the food chain. The third
possible explanation of why the project did not produce the
hypothesized results is therefore that resource levels at this
stage in the shad life history are not a factor (or, at least, not
a major one) in determining year class strength. If this
explanation is the correct one, then even higher fertilizer loading
rates in May and June would presumably also have had no impact on
shad abundance. This explanation would also imply that the
observed chlorophyll-shad associations were spurious correlations
and not causal relationships.
If resource levels are not the dominant factors involved in
determining shad year-class strength, then predation would be the
obvious alternative candidate. Striped bass clearly exert a strong
predation pressure on threadfin shad. The apparently cyclic
fluctuations of shad abundance in Lake Powell (Gustaveson et al.
1989) suggest the classical predator-prey interaction of
traditional ecological theory. A possible mechanism for this
observation is that predation pressure on the shad would be
particularly high when large populations of younger, more thermally
tolerant, stiped bass are present.
If predation is the major factor currently impacting shad
abundance in Lake Mead, then the obvious next question is: Would
increasing resource levels ever lead to a situation where shad
production would be sufficient to allow the population to withstand
predation pressure by striped bass? Even though other factors,
such as turbidity, may also be involved, the contemporary spatial
patterns of shad abundance in Lake Mead do suggest that a
combination of productivity and predation determines shad
population size. As previously discussed, however, productivity
increases on the scale of those developed in the present research
program were not sufficient to outweigh other determinants of shad
population size in the Overton Arm.
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Even if it were possible to enhance the shad population by
increasing resource levels, it is unclear if this would have its
intended effect on striped bass, i.e. improve condition factors,
particularly in the adults. The younger size classes appear to
out-compete older striped bass for available shad. Increasing shad
abundance, therefore, might well benefit primarily the younger
fish, at times when these represent a strong cohort in the
population. Older individuals would still exhibit poor condition,
particularly in mid-summer, and would only improve when sub-adults
are less abundant in the population.
i
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IA. Artificial fertilization, at levels used during this research
program, will not significantly improve forage conditions for
the game fishes in Lake Mead and does not represent an
effective tool for improving the fisheries.
B. In view of the pivotal role of threadfin shad in the Lake Mead
ecosystem, a long-term program should be established to
routinely collect data on temporal and spatial variations in
the relative abundance of this species. Primary efforts
should be focused on young-of-the-year fish, with relative
abundance being quantified through weekly series of trawls
from early June through the end of July.
C. The long-term monitoring program should probably focus on the
Lower Basin, since this represents the most cost-effective
sampling region. The program should employ the same.series of
stations as those regularly sampled in 1989 and 1990.
Particular care must be given to standardizing sampling
procedures. The 1.6 mm mesh meter net used during the 1988-
1990 research is recommended for future sampling programs.
D. In view of the persisting questions concerning the
relationship between resource levels and shad abundance in the
Overton Arm, shad trawling should be continued in this region
of the lake for one more year (1991). The design of the
trawling program should duplicate that employed during 1990.
E. As an eventual possible alternative to trawling, it would be
useful to investigate the potential of hydroacoustics to
quantify shad abundance in Lake Mead. This technology would
need to be carefully calibrated to standard trawl sampling,
but obviously has the potential for providing a considerably
more detailed picture of temporal and spatial variation in
shad abundance.
F. Chlorophyll concentrations need to be quantified as an
integral component of all future shad monitoring programs.
Sample collections should duplicate the stations and dates
used for shad trawling. As a cheaper alternative to routinely
measuring acetone-extracted chlorophyll concentrations, in-
vivo chlorophyll fluorescence may be measured. Considerable
care should be taken, however, to ensure that an adequate
calibration is obtained each year between fluorescence and
extracted chlorophyll measurements. Measurement of
fluorescence would only result in significant financial
savings if a relatively large number (>5-10) of stations were
being monitored on a weekly basis.
G. Other limnological parameters, including temperature,
dissolved oxygen and nutrient concentrations, should be
measured at least once per month at each of the shad trawling
stations.
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H. Documentation of game fish population characteristics and
condition factors should continue as part of the routine creel
surveys. Analyses of condition factor data should continue to
emphasize geographic, seasonal and size class variations.
I. Analyses of striped bass diets should continue, particularly
for samples collected during the June through December period.
Reconstruction of the size frequency distributions of shad in
striped bass diets should be routinely used to assist
documentation the size structure of the general shad
population.
9-2
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ANNEX 1: LIST OF DOMINANT PERIPHYTON SPECIES OCCURRING IN
OVERTON ARM COVES, 1988
DOMINANT PERIPHYTQN SPECI :S. OVERTON ARM COVES
CONTROL COVES (SPRING/SUMMER FERTILIZATION)
3/16
5/24
6/16
6/21
Cymbeiia minuia.
C. pusilla
Denliculaeiegans
Gomphonema intricatum v. vibrio
NavicuJaradiosav. teneila
Nitzchiadenticula
Cladophorasp.
Phormidium sp.
Achnantheses microcephala
Cymbeiia pusilla
Denticula elegans
Mastogioia smithii v. lacustris
Navicularadiosav. teneila
Nitzchia denticula
Cladophorasp.
Cymbeiia pusilla
Navicularadiosav. teneila
Nitzchia denticula
Nitzchia sp. 2
Oscillatoria amphibia
Phormidium sp.
Spirulina subsalsa
Achnantheses microcephala
Cymbeiia pusilla
Mastogioia smithii v. lacustris
Navicuia radiosa v. teneila
Nitzchia denticula
Cladophorasp.
Oscillatoria amphibia
Phormidium sp. 1
Spirulina subsalsa
Navicularadiosav. teneila
Nitzchiadenticula
Nitzchia sp. 2
Cymbeiia microcephala
C. pusilla
Navicula radiosa v. teneila
Nitzchia denticula
Nitzchia sp. 2
Oscillatoria amphibia
Navicula radiosa v. teneila
Nitzchia denticula
Oscillatoria amphibia
Spirulina subsalsa
Cymbeiia microcephala
C. pusilla
Navicula radiosa v. teneila
Nitzchiadenticula
Oscillatoria sp.
0. formosa
Spirulina subsalsa
A-l
CONTROL COYE5 (FALL FFRTILIZATIOM)
10/16 CymbeJJa microcephaJa
C. pusilla
Mastogloia smithii
Nitzchiasp. 2
Mougeouasp.
11/4 Cymbella pusilla
Gomphonema intricatum
Spirogyra sp.
Anabaena sp.
fci*
10/16 Anomoneis vitrea
Cymbella pusilla
Navicula radiosa v. tenelia
Nitzchiasp.2
Lyngbia major
11/4 Cymbella pusilla
Mastogloia smith ii
Navicula radiosa v. tenella
Nitzchiasp.2
Oscillatoria limnetica
Spirulina subsalsa
Anomoneis vitrea
Cymbella lunaia
C. pusilla
Gomphonema intricatum
Mastogloia smithii
Navicula emeu
N. radiosa v. tanella
Nitzchiasp.2
Synedra amphicephala
Cymbella pusilla
Mastogloia smithii
Nitzchiasp.2
Oscillatoria limnetica
9-12M
Gyrosigmasp.
Navicula cincta
N. radiosa v. tenella
Surirella robusta
Spirogyrasp.
Lyngbia major
Diploneis puella
Navicula radiosa v. tenella
Anabaena sp.
Oscillatoria limnetica
Spirulina subsalsa
0-3«
3/16 Cymbella pusiila
Mastogloia smithii
Navicula radiosa v. tenella
NiLzchiasp. 2
Lyngbia major
Oscillatoria amphibia
3/2* Cymbelia affinis
C. microcephala
C. pusilla
Navicula radiosa v. tenella
NiLzchiasp. 2
Oscillatoria sp.l
0. amphibia
Spirulina subsalsa
6/16 Navicula radiosa v. tenella
Nitzchiasp.2
Oscillatoria amphibia
0. limnetica
Phormidium sp.
Spirulina subsalsa
6/21 Cymbella cymbiformis
Mastogloia smith ii
Navicula radiosa v. tenella
Nitzchia sp. 2
Mastogloia smithii
Navicula radiosa v. tenella
Nitzchiasp.2
Lyngbia major
Oscillatoria amphibia
Cymbella microcephala
C. pusilla
Navicula radiosa v. tenella
Nitzchia denticula
Oscillatoria amphibia
0. formosa
Oscillatoria sp. 3
Spirulina subsalsa
I
3/16 Navicula radiosa v. tenella
Lyngbia major
Oscillatoria sp. 1
Oscillatoria amphibia
Spirulina subsalsa
3/24 Navicula radiosa v. tenella
Oscillatoria amphibia
0. formosa
Oscillatoria sp. 3
Spirulina subsalsa
i
I
1
ShlZm
Mastogioia smithii
Navicula radiosa v. tenella
Nitzchia sp.
Oscillatoria sp. 1
0. amphibia
0. formosa
Spirulina subsalsa
Cymbella pusilla
Navicula radiosa v. tenella
Nitzchiasp.2
Oscillatoria amphibia
Spirulina subsalsa
PERTH IZED COYE (FAL FERTILIZATION)
(Llm
10/16 Anomoneis vitrea
Cymbella pusilla
Mastogloia smithii
Anomoneis vitrea
Cymbella pusilla
Naviculacincta
N. radiosav. tenella
Nitzchiasp.2
Synedrasp.
Mougeot iasp
Phormidium sp. 1
6-9M
10/16 Amphipleura pellucida
Anomoneis vitrea
Cymbella microcephala
C. pusilla
Mastogloia smithii
Navicula cincta
N. radiosav. tenella
Niztchiasp.2
Stauroneis anceps
Spirulina subsalsa
11/4 Mastogloia smithii
Cymbella cincta
Navicula radiosav. tenella
Nitzcbiasp.2
Oscillatoria limnetica
Spirulina subsalsa
Cymbella pusilla
Mastogloia smithii
Navicula radiosa v. tenella
Anomoneis vitrea
Cymbella pusilla
Mastogloia smithii
Naviculacincta
Navicula radiosa v. tenella
Nitzchiasp.2
Oscillatoria sp. 1
0. limnetica
Spiruiina subsalsa
9-12M
Amphipleura pellucida
Anomoneis vitrea
Cymbella microcephala
C. pusilla
Gomphonema intricatum
Gyrosigma sp.
Navicula sp.
Navicula cincta
N. radiosav. tenella
N. subtilissima
Anomoneis vitrea
Cymbella pusilla
Mastogloia smithii
Navicula cincta
N. radiosav. tenella
N. subtilissima
Nitzcbiasp.2
Stauroneis anceps
Oscillatoria limnetica
Spirulina subsalsa
I
J
F
6=2*
3/16 Navicula radiosa
N. subtilissima
Nitzchia denticula
Lyagbiasp.
Oscillatoria amphibia
5/24 Navicularadiosav. teaella
Nitzchia denticula
Lyngbiasp.
Oscillatoria amphibia
Oscillatoriasp.3
Spirulina subsalsa
6/16 Navicularadiosav. tenella
Nitzchia denticula
Oscillatoria sp.
0. amphibia
0. formosa
Oscillatoriasp.3
Spirulina subsalsa
6/24 Navicula radiosa
N. radiosav. tenella
Nitzchia denticula
Oscillatoria amphibia
Phormidium sp.
Spirulina subsalsa
Navicula radiosa
N. radiosav. tenella
N. subtilissima
N. denticula
Lyngbiasp.
Oscillatoria amphibia
0. formosa
Oscillatoriasp.3
C. microcephala
Navicularadiosav. tenella
Nitzchia denticuia
Oscillatoria amphibia
0. formosa
Spirulina subsalsa
Navicula radiosa
Navicularadiosav. tenella
N. denticula
Oscillatoria subsalsa
- 0. formosa
0. limnetica
Oscillatoriasp.3
Spirulina subsalsa
Navicula radiosa
N. radiosav. tenella
Nitzchia denticula
Oscillatoria amphibia
0. formosa
Spirulina subsalsa
I
I
I
I
The calculated primary production rates, expressed as
mgC/mVday, were transformed to a dry weight algal biomass
equivalent using the factor 2.5 (derived from Wetzel 1983). These
values were then used in comparisons with the estimates of Daphnia
production. I
ANNEX 2; METHOD USED TO ESTIMATE IN-SITU PRIMARY PRODUCTION
IN THE OVERTON ARM FROM LABORATORY-DERIVED DATA
As discussed in Section 4.2, routine primary production
measurements for Overton Arm stations were undertaken using
laboratory incubations, since the primary objective of this work
was to provide between-station and between-date comparisons of
relative production levels. The production values obtained from
the laboratory incubations do not represent actual in-lake
production. Therefore, in order to extrapolate laboratory
production data to in-situ estimates, a series of parallel
incubations were carried out. These employed water samples from
the Lower Basin of Lake Mead/ collected at two stations (Boulder
Basin and Outer Las Vegas Bay) where chlorophyll levels
approximately span the range of those observed in the Overton Arm
during the fertilization years. There is no reason to believe that
this calibration exercise would have yielded substantially
different results if samples from the Overton Arm had been used.
Laboratory incubations were of two hours duration; those in-
lake were the standard four hour incubations (Kellar et al. 1981).
Unfortunately, after this calibration work had been completed, it
was discovered that measurements of total daily solar radiation
were not available, as had originally been anticipated.
Measurements were made of solar radiation during the actual
incubations, however. Daily data are required to extrapolate from
the production actually measured during the incubation period to an
estimate of total daily production. Because of the lack of total
daily radiation data, it was assumed that the amount of radiation
measured during the incubation period (normalized to four hours, if
the actual incubation was slightly different) was one half of the
total daily radiation. Studies elsewhere have shown this to be
generally true.
In-lake production rates (expressed as mgC/mVday) were
normalized to a "typical" value for total daily radiation (1,200
langleys/day, estimated from data collected during a full season of
in-situ primary productivity measurements). These were then
compared to the equivalent laboratory-measured rates (expressed as
mgC/m3/h). The mean ratio of the normalized in-lake measurements
to the laboratory derived data (expressed in the units noted above)
was 172:1 (s = 88; N = 5). The last two of the five calibration
measurements undertaken were carried out in October and these
resulted in the lowest in-situ / laboratory ratios. This was to be
expected from the decreasing levels of solar radiation and
temperature later in the year. Ratios applicable to the Overton
Arm during June and July were therefore probably on the higher side
of this mean. Because of the uncertainty over the actual ratio
most applicable to the Overton Arm production measurements, upper
and lower bounds of 150 and 250 were chosen and these incorporated
into upper and lower estimates for in-situ production rates.
ANNEX 3: DENSITY AND BIOMASS OF THREADFIN SHAD IN LAKE
MEAD, 1988 - 1990
Station
Mean No.
Date /100m3 s.d.
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
M-l
FO
FO
FO
FO
FO
FO
FO
FO
FO
FO
FO
FO
FO
FO
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
Fl
06/03/89
06/06/89
06/11/89
06/18/89
06/25/89
07/02/89
07/09/89
07/16/89
07/24/89
08/07/89
06/05/90
06/12/90
06/19/90
06/26/90
07/02/90
07/10/90
07/24/90
06/08/88
06/22/88
06/30/88
07/14/88
08/03/88
06/02/89
06/11/89
06/18/89
06/25/89
07/02/89
07/09/89
07/16/89
07/24/89
08/07/89
06/09/88
06/22/88
07/14/88
08/03/88
06/02/89
06/11/89
06/18/89
06/25/89
07/02/89
07/09/89
07/13/89
07/16/89
07/24/89
08/07/89
06/05/90
06/12/90
63.0
80.4
21.6
6.9
12.2
5.8
25.5
7.4
0.7
0.4
10.4
53.5
129.0
29.3
1.1
0.6
38.6
98.3
8.8
0.9
7.4
3.6
66.6
189.4
13.4
56.1
44.2
24.0
55.3
3.0
0.9
0.9
11.6
22.5
1.1
23.3
22.5
6.7
43.7
33.5
2.2
5.7
2.1
0.6
0.0
5.1
36.9
13.4
18.2
7.5
1.9
2.3
0.8
10.3
2.0
0.5
0.0
4.1
16.9
30.3
11.8
0.8
0.0
3.7
17.4
7.2
0.2
5.6
2.3
42.1
44.5
9.0
17.5
9.3
8.3
13.2
2.0
0.7
1.2
2.0
4.4
0.2
• 9.9
2.3
3.2
4.2
7.9
2.2
2.3
0.0
0.0
0.0
1.6
11.3
Mean
9/100m3
1.77
1.56
0.02
0. 18
0.38
0.21
0.96
1.47
0.18
0.01
0.212
2.135
4.963
0.885
0.084
0.027
10.033
1.83
0.15
0.10
0.42
0.45
2.33
10.89
0.78
6.83
4.92
4.72
7.09
1.15
0.12
0.01
0.28
0.80
0.09
0.58
0.70
0.23
1.12
1.49
0.16
0.47
0.37
0.04
0.00
0.076
0.759
s.d.
0.38
0.35
0.01
0.05
0.07
0.03
0.39
0.39
0.12
0.00
0.08
0.36
0.07
0.00
0.32
0.12
0.03
0.32
0.28
1.48
2.56
0.52
2.14
1.04
1.63
1.70
0.80
0.10
0.02
0.05
0.16
0.01
0.25
0.07
0.11
0.11
0.35
0.16
0.19
0.00
0.00
0.00
0.02
0.23
A-8
j
Station
Mean No.
Date /100m3 s.d.
Fl
Fl
Fl
Fl
Fl
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2W
F2E
F2E
06/19/90
06/26/90
07/02/90
07/09/90
07/24/90
06/22/88
06/30/88
07/14/88
08/03/88
06/02/89
06/06/89
06/11/89
06/18/89
06/25/89
07/02/89
07/09/89
07/13/89
07/16/89
07/24/89
07/31/89
08/07/89
06/05/90
06/12/90
06/19/90
06/26/90
07/02/90
07/09/90
07/24/90
06/02/89
06/11/89
06/18/89
06/25/89
07/02/89
07/09/89
07/16/89
07/24/89
07/31/89
08/07/89
06/05/90
06/12/90
06/19/90
06/26/90
07/02/90
07/09/90
07/24/90
06/09/88
06/24/88
33.1
4.0
15.2
1.6
8.0
6.2
13.6
16.7
0.6
22.2
32.0
3.6
9.0
12.7
11.6
1.4
2.5
0.0
0.7
0.3
0.0
0.4
5.6
82.0
13.1
1.4
1.3
4.0
15.2
10.0
1.8
25.1
10.6
1.3
0.7
1.7
0.3
0.6
0.7
4.1
43.2
21.5
3.9
1.7
4.9
0.5
10.8
6.6
1.6
1.8
1.0
2.3
2.8
2.1
3.9
0.4
1.7
8.5
0.7
2.5
2.7
1.4
0.3
0.3
0.0
0.0
0.0
0.0
0.1
0.6
4.5
4.7
0.5
0.2
1.1
9.6
6.0
0.5
8.6
0.1
0.6
0.0
0.4
0.0
0.0
0.3
2.2
7.4
8.0
1.4
0.5
0.0
0.4
9.1
Mean
g/100m3
3.595
0.169
0.467
0.072
0.378
0. 16
0.64
0.52
0.03
0.67
1.08
0.09
0.24
0.57
0.40
0.06
0.14
0.00
0.04
0.02
0.00
0.007
0.101
3.651
0.396
0.042
0.095
0.116
0.50
0.29
0.04
1.11
0.13
0.07
0.08
0.20
0.03
0.05
0.009
0.087
1.191
0.655
0.210
0.09
0.15
0.01
0.12
s.d.
0.07
0.06
0.05
0.11
0.07
0.10
0.12
0.02
0.05
0.29
0.02
0.07
0.12
0.05
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.15
0.14
0.01
0.02
0.03
0.32
.0.17
0.01
0.38
0.00
0.03
0.00
0.05
0.00
0.00
0.00
0.05
0.20
0.24
0.08
0.03
0.00
0.01
0.10
I
I
Station
Mean No.
Date /100m3 s .d.
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
F2E
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
FIRE
SALT
SALT
SALT
SALT
SALT
SALT
06/30/88
07/18/88
06/02/89
06/11/89
06/18/89
06/25/89
07/02/89
07/10/89
07/16/89
07/24/89
08/07/89
06/05/90
06/12/90
06/19/90
06/26/90
07/02/90
07/09/90
07/24/90
06/09/88
06/22/88
06/30/88
07/18/88
08/04/88
06/04/89
06/06/89
06/13/89
06/20/89
06/25/89
07/02/89
07/09/89
07/16/89
07/24/89
07/30/89
08/07/89
06/05/90
06/11/90
06/19/90
06/26/90
07/01/90
07/09/90
07/23/90
06/09/88
06/23/88
06/30/88
07/18/88
08/03/88
06/06/89
2.0
1.3
7.4
14.2
1.8
13.5
10.8
2.5
0.3
0.0
0.0
0.9
1.6
11.7
6.6
2.2
1.2
0.9
88.6
176.5
2.2
13.2
0.6
80.1
113.3
54.9
95.3
10.1
15.5
9.0
1.3
1.2
4.1
1.8
57.7
26.8
17.7
10.6
1.2
5.1
5.8
106.4
40.3
5.8
6.3
0.1
48.6
1.4
0.3
6.7
3.9
0.3
5.2
2.1
1.0
0.0
0.0
0.0
0.1
1.1
3.3
0.9
0.5
0.4
0.0
30.8
55.0
0.4
1.8
0.3
9.6
2.5
10.5
12.2
3.1
1.2
6.3
0.7
0.0
0.8
1.0
16.3
4.8
2.0
4.1
0.2
1.9
1.1
50.5
4.7
2.4
1.3
0.1
12.1
Mean
g/100m3
0. 12
0.04
0.27
0.47
0.07
1.03
0.30
0.15
0.01
0.00
0.00
0.008
0.030
0.323
0.242
0.137
0.058
0.056
2.95
2.13
0.03
0.25
0.02
2.75
5.50
1.22
6.29
0.52
1.57
0.35
0.06
0.11
0.36
0.16
2.275
2.103
4.646
0.38
0.217
0.149
0.207
3.00
0.53
0.21
0.31
0.00
2.09
s.d.
0.09
0.01
0.24
0.13
0.01
0.39
0.06
0.06
0.00
0.00
0.00
0.00
0.02
0.09
0.03
0.03
0.02
0.00
1.02
0.66
0.01
0.03
0.01
0.33
0.12
0.23
0.81
0.16
0.12
0.24
0.03
0.00
0.07
0.09
0.64
0.37
0.15
0.03
0.06
0.04
1.42
0.06
0.09
0.07
0.00
0.52
Station
Mean No.
Date /100m3 s.d.
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
SALT
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3W
F3W
F3W
F3W
F3W
F3W
F3W
06/11/89
06/18/89
06/25/89
07/02/89
07/09/89
07/16/89
07/24/89
07/31/89
08/07/89
06/05/90
06/12/90
06/19/90
06/26/90
07/01/90
07/09/90
07/24/90
06/08/88
06/22/88
06/30/88
07/14/88
08/04/88
06/04/89
06/11/89
06/20/89
06/26/89
07/02/89
07/03/89
07/09/89
07/13/89
07/16/89
07/24/89
07/31/89
08/07/89
06/06/90
06/11/90
06/18/90
06/25/90
07/02/90
07/10/90
07/23/90
06/11/89
06/20/89
06/25/89
07/02/89
07/10/89
07/16/89
07/24/89
30.9
42.9
6.9
6.3
1.9
1.6
0.3
2.2
0.4
11.8
21.8
22.4
13.7
4.4
1.9
2.2
1.4
24.3
9.6
12.2
0.6
4.7
1.3
1.3
9.4
28.0
14.6
5.8
0.6
1.1
0.6
0.0
0.7
2.1
9.4
40.3
28.2
0.9
1.6
3.4
54.4
18.6
10.5
31.0
1.6
6.8
0.7
8.2
3. 1
2.0
2.7
0.9
0.9
0.0
0.0
0.0
2.1
4.2
8.1
3.7
1.5
0.1
0.0
0.7
5.7
5.1
9.2
0.2
1.3
0.5
0.2
1.3
4.4
0.0
0.7
0.4
0.0
0.0
0.0
0.3
2.1
1.6
2.5
7.1
0.4
0.5
1.3
3.9
9.8
4.5
1.8
0.8
2.8
0.0
Mean
g/100m3 s.d.
0.80
1.01
0.52
0 .43
0.10
0. 12
0 .02
0. 15
0.05
0 .238
0 . 9 6 6
1.668
0 . 7 2 5
0.386
0 . 0 2 9
0.109
0 . 0 2
0 .36
0.54
0 .40
0 .04
0.11
0.04
0.05
0.39
1.17
0.61
0.38
0.04
0 .02
0.08
0 .00
0.01
0 .064
0.198
1.384
1.029
0 . 0 4 0
0.121
0.123
1.58
0.57
0 .46
1.79
0.10
0.48
0.10
0.21
0 . 0 7
0.15
0. 19
0.05
0 . 0 7
0 . 0 0
0 .00
0.00
0 . 0 4
0.19
0 . 2 0
0.13
0 .00
0 .00
0.01
0.08
0.29
0.30
0 .02
0.03
0 .02
0.01
0.05
0.19
0.00
0.05
0.03
0 .00b . o o
0 .00
0 .00
0.07
0 .03
0.07
0 .26
0 .02
0.04
0.05
0.11
0.31
0.08
0.12
0 .04
0.19
0 . 0 0
i
Mean No. Mean
Station Date /100m3 s.d. g/100m3 s.d.
0.00 0.00
0.11 0.00
0.03 0.00
0.12 0.03
0.13 0.06
0.06 0.05
0.11 0.05
0.04 0.00
0.07 0.00
0.00 0.00
1.31 0.33
0.52 0.06
0.12 0.03
0..05 0.02
0.23 0.06
0.07 0.02
0.08 0.04
0.04 0.01
1.47 0.70
0.41 0.08
0.15 0.05
0.00 0.00
0.07 0.00
0.02 0.00
0.00 0.00
0 .225 0.08
0.141 0 .03
0.314 0.12
0.080 0 .03
0.078 0 .04
0.04 0.03
1.88 0.21
0.05 0.02
i.tn u ; / a- _) / o o J . J. u . j 0.11 0.02
F4W 06/04/89 1.5 0.0 0.05 0.00
F4W 06/13/89 9.0 1.5 0.13 0.02
2.22 0.11
I F4W 07/03/89 24.2 7.2 2.97 0.88
0.10 0.03
0.03 0.01
0.11 0.03
0.23 0.09
0.00 0.00
0.08 0.03
0.06 0.01
F3W
F3W
F3E
F3E
F3E
F3E
F3E
F3E
F3E
F3E
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4
F4W
F4W
F4W
F4W
F4W
F4W
F4W
F4W
F4W
F4W
F4E
F4E
07/31/89
08/07/89
06/04/89
06/11/89
06/26/89
07/03/89
07/10/89
07/16/89
07/24/89
08/07/89
06/23/88
06/29/88
07/15/88
08/04/88
06/04/89
06/12/89
06/13/89
06/19/89
06/26/89
07/03/89
07/10/89
07/17/89
07/24/89
07/31/89
08/08/89
06/06/90
06/11/90
06/18/90
06/25/90
07/01/90
07/10/90
07/23/90
06/09/88
06/23/88
06/29/88
07 15 88
06/26/89
07/10/89
07/17/89
07/24/89
07/30/89
08/08/89
06/04/89
06/13/89
0.0
0.8
2.0
4.4
2.1
1.5
2.4
0.3
0.9
0.0
29.0
14.5
4.3
0.9
6.1
2.5
3.2
1.0
39.8
10.9
2.8
0.0
1.0
0.3
0.0
ERR
. 11.9
4.5
8.2
1.6
1.2
0.0
2.7
195.5
2.6
3 1
97.4
2.5
0.8
1.7
2.9
0.0
2.9
2.6
0.0
0.0
0.2
1.0
0.9
1.3
1.1
0.0
o: o
0.0
7.4
1.6
0.9
0.4
1.7
0.9
1.7
0.2
19.0
2.2
1.0
0.0
0.0
0.0
0.0
0.0
4.2
1.1
3.2
0.6
0.6
0.0
2.0
21.8
0.8
0 5
4.8
0.9
0.2
0.5
1.1
0.0
1.2
0.6
i
Station
Mean No.
Date /100m3 s.d.
Mean
g/100m3 s.d.
F4E
F4E
F4E
F4E
F4E
F4E
CA
CA
CA
F5A
F5A
F5A
F5A
F5A
F5A
F5A
F5A
F5A
F5A
F5A
F5a
F5a
F5a
F5a
F5a
F5a
F5a
F5AW
F5AW
F5AW
F5AW
F5AW
F5AW
F5AW
F5AE
F5AE
F5AE
F5AE
F5AE
F5AE
F5AE
F6
F6
F6
F6
F6
F6
06/26/89
07/03/89
07/10/89
07/17/89
07/24/89
08/08/89
06/23/88
06/29/88
07/15/88
06/09/88
06/23/88
06/29/88
07/15/88
06/12/89
06/19/89
06/26/89
07/03/89
07/17/89
07/23/89
08/08/89
06/06/90
06/11/90
06/18/90
06/25/90
07/01/90
07/10/90
07/23/90
06/12/89
06/19/89
06/26/89
07/03/89
07/17/89
07/23/89
08/08/89
06/12/89
06/19/89
06/26/89
07/03/89
07/17/89
07/23/89
08/08/89
06/23/88
06/29/88
07/15/88
08/09/88
06/04/89
06/12/89
6.4
0.9
7.3
0.0
0.4
0.0
267.6
18.1
11.9
1.8
121.2
1.0
1.1
0.8
0.0
4.4
0.8
0.0
0.0
0.0
ERR
0.3
0.7
5.2
0.7
1.2
0.0
13.9
0.6
17.0
24.2
0.8
1.0
1.4
0.6
1.1
2.2
7.9
0.0
0.0
0.0
8.4
3.1
5.0
0.0
1. 1
0.2
2.0
0.7
2.3
0.0
0.0
0.0
39.1
6.2
3.4
1.3
2.8
0.3
0.2
0.5
0.0
0.3
0.1
0.0
0.0
0.0
0.0
0.2
0.4
2.3
0.3
1.0
0.0
2.4
0.3
11.1
7.3
0.3
0.0
0.2
0.2
0.5
0.3
3.1
0.0
0.0
0.0
3.9
2.4
0.6
0.0
0.2
0.2
0.28
0.02
0.35
0.00
0.01
0.00
3.62
0.81
0.35
0.03
2.17
0.05
0.02
0.02
0.00
0.10
0.04
0.00
0.00
0.00
0.010
0.033
0.254
0.041
0.077
0.22
0.02
0.28
0.46
0.02
0.05
0. 14
0.02
0.03
0.06
0.22
0.00
0.00
0.00
0.08
0.21
0.18
0.00
0.00
0.00
0.09
0.02
0.11
0.00
0.00
0.00
0.53
0.28
0.10
0.02
0.05
0.02
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.01
0.02
0. 11
0.02
0.06
0.04
0.01
0.18
"0.14
0.01
0.00
0.02
0.01
0.02
0.01
0.08
0.00
0.00
0.00
0.04
0. 16
0.02
0.00
0.00
0.00
Mean No. Mean
Station Date /100m3 s.d. g/100m3 s.d.
0.00 0.00
0.00 0.01
0.11 0.06
0.10 0.03
0.16 0.00
0.00 0.00
0
0
0
0.051 0 . 0 2
0.073 0 .03
0.337 0 .08
0
0 .02 0 .00
0.02 0.01
0.00 0 .00
0.11 0 .03
0.01 0.01
0.03 0 .00
F6W 07/23/89 2.7 0.3 0.16 0.02
0.00 0.00
0.03 0.01
0.03 0.01
0.02 0.02
0.18 0.05
0.06 0.00
0.02 0.00
0.00 0.00
0.05 0.01
0.07 0.03
0.98 0.47
0.12 0.05
F7 06/19/89 0.0 0.0 0.00 0.00
0.00 0.00
0.03 0.03
0.05 0.05
0.01 0.01
0
0.004 0.00
0
0.028 0.03
0.035 0 .02
0.051 0 .04
0
9.28 2.50
2.36 0 .90
F6
F6
F6
F6
F6
F6
F6
F6
F6
F6
F6
F6
F6
F6W
F6W
F6W
F6W
F6W
F6W
F6W
F6E
F6E
F6E
F6E
F6E
F6E
F6E
F7
F7
F7
F7
F7
F7
F7
F7
F7
F7
F7
F7
F7
F7
F7
F7
BC2
BC2
06/19/89
06/26/89
07/03/89
07/17/89
07/23/89
08/08/89
06/06/90
06/11/90
06/18/90
06/25/90
07/01/90
07/10/90
07/23/90
06/04/89
06/12/89
06/19/89
06/27/89
07/03/89
07/17/89
08/08/89
06/12/89
06/19/89
06/27/89
07/03/89
07/17/89
07/23/89
08/08/89
06/23/88
06/29/88
07/12/88
08/09/88
06/12/89
06/27/89
07/17/89
07/23/89
08/08/89
06/06/90
06/11/90
06/18/90
06/25/90
07/01/90
07/10/90
07/23/90
06/30/88
07/13/88
0.0
0.2
0.8
1.5
1.5
0.0
ERR
0.0
0.0
1.2
1.3
5.7
0.0
1.3
0.7
0.0
3.9
0.4
0.7
0.0
1.3
0.8
0.4
5.0
0.6
0.4
0.0
6.3
2.9
23.8
0.4
0.0
0.2
0.3
0.4
0.2
0.0
0.1
0.0
1.1
0.8
1.0
0.0
119.6
12.5
0.0
0.3
0.4
0.4
0.0
0.0
0.0
0.0
0:0
0.5
0.5
1.4
0.0
0.0
0.3
0.0
1.2
0.3
0.0
0.0
0.4
0.4
0.4
1.9
0.0
0.0
0.0
1.1
1.2
11.3
0.2
0.0
0.2
0.2
0.4
0.2
0.0
0.1
0.0
1.2
0.4
0.7
0.0
32.2
4.8
i
]
Station
Mean No.
Date /100m3 s.d.
BC2
BC2
BC2
BC2
BC2
BC4
BC4
BC4
BC4
BC5
BC5
BC5
BC5
BC5
BC5
BC5
BC8
BC8
BC8
BC8
BC8
BC8
BC8
WB
WB
WB
WB
GW
GW
GW
GW
GW
GW
GW
1C
1C
1C
1C
1C
1C
1C
1C
GB
GB
GB
GB
GB
08/05/88
06/06/89
06/20/89
07/06/89
07/20/89
06/06/89
06/20/89
07/06/89
07/20/89
06/30/88
07/13/88
08/05/88
06/06/89
06/20/89
07/06/89
07/20/89
06/30/88
07/13/88
08/05/88
06/07/89
06/20/89
07/06/89
07/20/89
05/31/89
06/13/89
06/27/89
07/06/89
07/11/88
08/10/88
06/12/89
06/28/89
07/10/89
07/24/89
08/08/89
06/28/88
07/11/88
08/10/88
06/12/89
06/28/89
07/10/89
07/24/89
08/08/89
06/28/88
07/11/88
08/10/88
06/13/89
06/26/89
4.2
0.0
0.4
17.2
9.3
0.0
0.0
3.3
5.5
65.3
23.4
1.0
0.0
0.0
4.3
2.1
137.9
40.1
0.8
0.0
0.0
0.0
0.1
0.3
0.2
0.7
1.0
50.0
5.7
7.0
8.6
14.5
12.4
9.4
4.2
7.4
0.9
0.6
0.4
2.3
1.8
2.2
2.8
15.4
7.6
1.8
0.0
1.4
0.0
0.2
4.2
3.1
0.0
0.0
1.0
2.1
25.9
5.5
0.7
0.0
0.0
1.2
0.4
63.3
4.7
0.7
0.0
0.0
0.0
0.1
0.1
0.0
0.2
0.3
17.2
1.1
1.3
0.8
5.1
3.0
2.1
1.4
3.0
0.2
0.7
0.3
1.2
0.7
1.5
0.8
2.5
3.1
1.0
0.0
Mean
g/100m3
1.28
1.23
1.48
0.24
0.07
5.58
1.72
0.05
0.00
0.00
0.02
1.64
0.29
0.11
0.18
0.30
0.31
0.23
0.12
0.23
0.02
0.02
0.01
0.07
0.07
0.07
0.06
0.44
0.31
0.09
0.00
s.d.
0.44
0.30
0.49
0.15
0 . 3 2
1.16
0 .96
0 . 0 6
0 . 0 5
0. 12
0 . 4 6
0 . 2 3
0 . 0 4
0.07
0.01
2.56
0.20
0.04
0.00
0.00
0.01
0.57
0.06
0.02
0.02
0.11
0.07
0.05
0.04
0.09
0.00
0.02
0.01
0.04
0.03
0.05
0.02
0.07
0.13
0.05
0.00
f
Station
Mean No.
Date /100m3 s.d.
GB
GB
GB
TB
TB
TB
TB
TB
TB
TB
TB
07/15/89
07/27/89
08/14/89
06/29/88
07/12/88
08/10/88
06/13/89
06/26/89
07/15/89
07/27/89
08/14/89
0.0
0.0
1.3
1.1
1.8
0.0
0.1
0.0
0.0
0.0
0.4
0 . 0
0 . 0
1 . 8
0.4
0.5
0.0
0.2
0. 0
0.0
0. 0
0.6
Mean
g/100m3
0
0
0.00
0.00
06
.04
0.55
0.00
0.00
0.00
0.00
0.00
0.02
s.d.
0.00
0.00
0.08
0.02
0.15
0.00
0.00
0.00
0.00
0.00
0.03
